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ABSTRACT
Low level A.O. loss mechanisms in superconducting niobium 
strips 9 set back-to-back and carrying antiparallel current at either 
30 Kz or 120 Hz, have been studied. Compensated waveforms, correspon­
ding to the time rate of change of flux penetrating in from the inner 
surfaces of the strips , far from the edges of the strips 2 of the 
voltages induced in a nearby pick-up coil were obtained for various 
conditions of the bulk and inner surfaces of the strips. The results 
were corrected for edge effects which were examined experimentally 
and theoretically. The physical state of the strips was examined 
by various means and used in interpreting the results. No significant 
difference was found in the behaviour of the flux penetration at the 
two frequencies. The results were used to make a quantitative test 
of a theory5 proposed by Melville 1, which attributes low level A.C. 
loss in type II superconductors to surface roughness combined with 
flux pinning by defects within the peaks of the surface, and of an 
extension of the calculations based on this theory dealing with flux 
penetration into the region below the surface roughness. It was found 
that the theory gave a reasonable semi-quantitative account of the 
main features of flux penetration particularly for abraded surfaces. 
However, the theory did not predict the single peaks per half cycle 
of compensated waveform that were observed experimentally at low 
current amplitudes. An investigation was carried out to ascertain 
the reason for these single peaks. It was concluded that possibl3r 
fairly sharp peaks in the inner surfaces of the strips, protruding 
above the rest of the surface, were involved in causing these single 
peaks per half cycle of compensated waveform.
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CHAPTER 1 
INTRODUCTION
1.1. The scope of the thesis
Superconductivity is essentially a state of zero electrical 
resistance and consequently no Joule heating should occur when a 
supercurrent flows in a material. However it is observed that time 
dependent currents produce a dissipation which although small, 
contributes a significant load on the associated refrigeration 
equipment.
The purpose of this research was to investigate the nature and 
causes of low level A.C. losses in low frequency current-carrying 
superconducting niobium strips. Niobium was chosen as being the 
type II superconductor for which the surface current density is 
greatest before A.C. losses reach an unacceptable level in such 
technological applications of strip type II superconductors as 
superconducting cables 2.
In this introductory chapter, some of the basic ideas of 
superconductivity are described. A review is then given of the 
theoretical and experimental work relevant to the experiments reported 
in this thesis.
Unless otherwise stated, S.I. units are used throughout the 
thesis.
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1.2. Basic ideas of superconductivity
1.2.1. The London equations
To account for the electromagnetic properties of what are now
called type I superconductors, F and H London 3 proposed two equations
%relating the supercurrent density, j , and its derivative, -rr— , to
S d t
the local magnetic field, h, and to the local electric field, £, 
respectively.
The first London equation describes the diamagnetic property 
of a superconductor:
A curl = - ]i0 h (1.1)
The second London equation describes the perfect conductivity of a 
superconductor:
K ~  = e (1.2)
dt —
3h
£  and h are related by the Maxwell equation curl £  = - . A is
a constant whose value varies between different superconductors. If 
only the superconducting electrons, with charge q and of mass m, 
accelerate freely in an electric field then A = — —  , where n is the
9 Sn5number density of superconducting electrons.
Combining equation (1.1) with the Maxwell equation curl h = j
—  — s
gives:
“o
curl curl h = curl i = — r- h —  —s A —
The solution of this equation for a semi-infinite slab of super­
conductor, with a static uniform field H applied parallel to its 
surface, is:
tx/A
h(x) = H(0)e ’L
A^ has the dimensions of length and is called the London penetration
depth. Its physical significance is that it is the distance to
which a magnetic field penetrates into a superconductor before falling
to —  of its value at the surface, e
The first London equation can be used to derive a relation­
ship between j and the magnetic vector potential, A.
S ' ~
♦
A curl j = - yn h = - curl A
■=% 0 ~  —
Provided that div A_ = 0 and that the component of A normal to the 
surface of the superconductor is zero on the surface 9 this equation 
reduces to:
A j + A = 0■=Ls _
1.2.2. The Pippard theory
Pippard 4 found that the penetration depth in dilute alloys 
of In in Sn increased with decreasing normal electronic mean free 
path. The dependence of penetration depth on mean free path is 
incompatible with the London model of superconductivity, and this, 
with other considerations, led Pippard to propose a basic modification 
of the London model.
By analogy with the theory of the anomalous skin effect in 
normal metals, Pippard proposed that the London relation between 
and A should be replaced by a non-local relation of the form:
NR[R-A(r’)3 -R/£
>^d3r t
where R = r - r *.
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This equation introduces a characteristic length £ , the Pippard 
coherence length, which Pippard assumed to be related to the electronic 
mean free path, £ 9 by:
1 _ 1
\ “ X  
p p0
where a is a constant of order unity and is the coherence length 
of the pure superconductor.
p o
Pippard gave £ the physical significance of being the range of 
P
the wave function that describes the superconducting state in a bulk 
material., or the distance over which superconducting electrons 
cohere.
In the limit £ <<: L^'-* p^PPar<^  equation reduces to the local
form: ~ A.
'o
I.2.3. The Ginzburg-Landau theory
Ginzburg and Landau 5 introduced a phenomenological theory of
superconductivity in which they sought to modify the rigidity of the
wave function describing the superconducting state which is implicit
in the London model. They introduced an order parameter normalized
so that |i|;|2 = n 9 which can be considered as an effective wave s
function of the superconducting electrons.
In zero field., the difference in free energy density between the 
superconducting and normal states can be written:
F - F = a U l 2 + £  U h  so no m  2
where higher order terms are neglected5 and a and $ are functions 
of temperature.
- 12 -
2
Minimising F with respect to |^ | yields the zero field
S O
2
equilibrium value = - a/0.
VtnH 20 cAs F - F =  r—  , where H is the thermodynamic criticalso no 2 c J
2
field of the superconductor, then H 2 = — —  .c w0e
In an applied field H, a free energy contribution appears 9 owing 
to gradients in which may be considered as the kinetic energy contri-
A
bution of superconducting electrons of charge e" (see section 1.3)
and mass m in an electromagnetic field. Ginzburg and Landau assumed that
this contribution was given by:
JL
2m - i tl grad ip - e5
The free energy density of a superconductor in a field H is written as:
P .h20 1 P ~ F + — ■ ■*" + —■ 
SH SO 2 2m - i t  grad \p - etf A $ |
2
V 2where h is the local magnetic field and h = curl A. —  is the 
magnetic energy.
Minimising F_„ with respect to $ and A leads to the two Ginzburg- 
on —
Landau (G.L) equations:
*i 2
a|<|>| + e ^ l 2 + - jili v - e* A \p - 0 (1.3)
* tfiar w iV2P0ie‘*fi f i yfte
- ii curl h = - u„i - — -—H0 —  O^s 2m
A
t  1 pne
U*Vty - + — ----# * A  (1.4)
In a weak field, |t|;|2 can be replaced by its equilibrium value in 
the absence of a field |i|;0|2 . Therefore by taking the curl of both sides 
of equation (1.4) one obtains, for a weak field, a London-type equation:
~*2 k ' 2 0 ' 0curl j =  h .m —
Ginzburg and Landau introduced a dimensionless parameter k.
A
Vi /2e‘H X2 
0 c v mk = --- ----------  where A^ =
15 V0e*2|i|»0|z
X is the depth to which a weak applied field penetrates into the 
superconductor.
The field9 at which the superconducting phase nucleates in
the bulk of a material3 on reducing a high magnetic field, was 
calculated by Ginzburg and Landau from equation (1.3) by neglecting 
the non linear term $^j^|2. They found that H = /2k-Hc. Super­
conductors can thus be divided into, two grp ups, for x^ hich k is 
greater or less than .
For type I superconductors k < 1//2, and < H , Super­
conductors of this type exhibit complete diamagnetism from zero field 
to the thermodynamic critical field Hc? above which the normal phase 
is stable.
For type II superconductors k > 1/ /> , and superconductivity in 
the bulk of a material persists to a field H  ^> H .
Saint James and de Gennes 6 considered the nucleation of the 
superconducting phase near the surface of a material. They found
A
that the boundary condition3 (i it grad ^ + e^A $).n = 0, where n is 
a unit vector normal to the surface, fundamentally modified the 
solutions of the G.L. equations, provided that the magnetic field,was 
net perpendicular to the surface. In a parallel magnetic field, the 
surface nucleation field, was found to be equal to 1.695/2 k Hc.
Superconductivity between H and Hc3, for k > 0.707 or between 
Hc and H 9 for 0.417 <k < 0.707, is confined to a surface sheath, 
whose thickness is of the order of the coherence length.
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1.2.4. Characteristic lengths and parameters
The flux quantum A = —  (see section 1.3).
The Ginzburg-Landau parameter k can be written
k =
yn27r/2H X2 0 c
X/k is defined as the coherence length, £ )3 and is the distance
P
over which ip varies in a weak field.
Both X and E, depend on temperature and the normal electronic 
mean free path £. The calculations of Gor'kc-v 7 a8 give for T £ Tc 
the critical temperature:
(a) for £ ->■ co X(T) = 0.71 XL(0) hj—
5(T) = 0.74 £0 T -T 1 c
k = 0.96
xL (0)
(b) for £ «  / X(T) = 0.62 XL(0) T -Tc •
5(T) = 0.85(£Q£)2
. >p .2
c
T■ c
k = 0.725
X (0)
where £ is the coherence length of the pure metal and Xr(0) is the 
0 L
London penetration depth at T = 0,
In terms of the Bardeen, Cooper and Schrieffer (BCS) 9 theory, 
which will not be discussed here, the coherence length of a pure 
metal is given by:
where Vp is the Fermi velocity and kg is Boltzmann's constant.
Niobium, a type II superconductor, was used In the experiments 
reported in this thesis. Finnemore, Strcmberg and Swenson 10 have
o O
found values of lg(0) = 350 A and = A30 A for high purity niobium.
1.3. Equilibrium behaviour of type II superconductors
A metal or alloy having k > 1//2 is termed a type II super­
conductor, In the range 0 < H < a parallel magnetic field is
excluded from the bulk of a rod of an ideal reversible type II super­
conductor by a persistent surface current, flowing in the penetra­
tion depth (Meissner effect). At flux penetrates into the bulk of
the rod, but B, the flux density, does not become equal to until
the upper critical field, is reached. Between Hc^ and
the superconductor is said to be in the mixed state. The mixed state 
was predicted by Abrikosov 11 using the Ginzburg-Landau theory of 
superconductivity.
Just below , Abrikosov found that it was energetically 
favourable for a periodic variation of \jj to adopt the symmetry of a 
square lattice. The lattice is defined by contours of |\|/|2 surroun­
ding points at which the function ijj vanishes. The local magnetic 
field at these points is a maximum. The contours of |^|2 are also 
the lines of flow of supercurrent.
Abrikosov also considered the initial penetration of flux into 
a type II superconductor. He calculated the minimum field at which 
it was energetically favourable for isolated supercurrent vortices
to exist in the bulk. For k »  1, this field is given by:
Hc i = m (log k + °’08)
H .,/H for lower values of k have since been computed 12s13. For 
cl c ~
an isolated supercurrent vortex , for k >> 13 if; rises from zero at 
the centre of the vortex to unity over a distance of the order of £ 
while the magnetic field falls off from its maximum value at the centre 
of the vortex over a distance of the order of X.
Since Abrikosov5s calculations, Kleiner, Roth and Autler 1I+ 
have calculated that a triangular lattice of supercurrent vortices 
has a lower energy than a square lattice just below H j, and 
Matricon 15 has shorn that a triangular lattice is, for high k 
values, the most favourable throughout the mixed state. The 
triangular lattice has been verified by a high resolution Bitter 
pattern technique 16s17 and by neutron diffraction 18. Kramer 19 
has calculated that near in the range 1//2 < k < /2, the square
lattice is the more stable. Both square and triangular lattices are 
known to occur in this range 28.
London 21 shows that if a bulk superconducting annulus surrounds
lines of force, the enclosed flux <p can. only take on discrete values: 
h$ = n = n — , where q is the superconducting charge. Experiments 
by Deaver and Fairbank 22 and by Doll and Nabauer 23 have shown that 
q = 2e, i.e. that the superconducting charge carriers are pairs of 
electrons, which is the fundamental premise of the BCS 9 theory.
The derivation, by Gorpkov of the .Ginzburg-Landau equations
from the BCS 9 theory shows that e is is also equal to 2e, Each 
supercurrent vortex9cr fluxon, in the mixed state carries one quantum 
of flux (see, for example, Saint-James, Sarma and Thomas 13).
1.4. Non-equilibrium behaviour of type II superconductors in fields
between H , and H __________cl___ c2
The equilibrium behaviour described in the previous section 
assumes that above fluxons can freely enter or leave the bulk 
of a type II superconductor. However this reversible behaviour is 
found not to take place in real type II superconductors. The 
irreversibility can be caused by pinning of fluxons in the bulk or 
at the surface of a specimen, by a barrier to flux penetration or 
expulsion, or by surface sheath effects.
1.4.1. Bulk flux pinning
The fluxons in the mixed state of a type II superconductor 
experience a driving force whenever a current flows in the super­
conductor. The resulting motion of the fluxons causes an induced 
voltage, accompanied by power dissipation. Flux flow resistance 
was first demonstrated by Kim, Hempstead and Stmad 2If and most of its
features characterised by Kim, Hempstead and Strnad. 25. If, however,
fluxons are pinned in the bulk of a specimen, they are prevented 
from moving until the driving force on the fluxons exceeds the 
pinning force. When the fluxons are just stationary, the critical 
current density is determined by the force balance, equating the 
fluxon driving force to the pinning force.
The determination of the flux distribution within the super­
conductor comes from the concept of the critical state introduced 
by Bean 26 and Kim, Hempstead and Strnad 27. It is assumed that 
the current density everywhere in the superconductor either takes 
its maximum value, Jc, the critical current density, or is zero.
J is a function of the material and of the local flux density, B, c
only. The flux distribution within the superconductor can be deter­
mined if it is known how J varies with B. In the Bean-London 26,2 8,29
c
model, Jc is assumed to be independent of B while in the model of
Silcox and Rollins 30 s31 is assumed to be proportional to B"1.
Kim, Henpstead and Strnad 27332 found that their results for tubes
of NbgSn and NbgZr could be expressed by Jc = a(B + Bq )"1 where a and
Bq are constants3and Anderson33 has presented arguments for Jc being
proportional tc (B + B )“*. Irie and Yamafuji 3If give the relation
J = aB~Y where a and y are constants with 0 < y < 1. c 1 1
Friedel, de Gennes and Matricon 35 have derived an expression
for the driving force on a two dimensional array of straight fluxons
from the pressure of mutually repelling fluxons. They show that the
9H (B)
2?GV
driving force on unit length of fluxon is - <J>0 ---^ ---, where H^ev(B)
is the external field in which the local flux density, B, would be
in equilibrium in a reversible material. Evetts and Campbell 36 have
generalized the above result and shown that the driving force on
unit length of fluxon in a general three dimensional array of fluxons
is - curl H (B). This result has received rigorous thermc-— 0 A —rev
dynamic verification for the isothermal case 37. The current density, 
J, is given by J = curl Hp v^ (B) and therefore the driving force 
given above is equivalent to the Lorentz force -
If the current in a superconductor is increased above the criti­
cal current, fluxons start to move through the superconductor. Kim, 
Hempstead and Strnad 25 have assumed a viscous force to be acting on 
the fluxons preventing the acceleration of the fluxons to infinite 
velocity. When the fluxons are moving under constant velocity, under 
equilibrium, the Lorentz force on the fluxons is balanced by the sum
of the viscous force and the pinning force. Under A.C. conditions, 
if flux flow is not important, the superconductor will be in quasi­
static states and the hysteresis losses per cycle xtfill be independent 
of frequency,
Fluxons may be pinned in the bulk of a material by many forms 
of defects, such as dislocation networks, grain boundaries,voids, 
precipitates, sub-oxides, composition fluctuations and fine-scale 
defect structures produced by irradiation. The effects of defects 
on the properties of type II superconductors have been reviewed by 
Dew-Hughes 38s and by Campbell and Evetts 39.
Narlikar and Dew-Hughes 40 ?If 1 have shown that in niobium, pinning 
of fluxons by individual dislocations or by uniform arrays of dislo­
cations is small, and that flux is strongly pinned by non-uniform 
dislocation structures consisting of three-dimensional cells, the 
walls of which consist of dislocation ’tangles5 with the dislocation 
density in the walls being much higher than in the cells. Pinning 
by grain boundaries has been observed in cold rolled niobium lf2, and 
also in niobium annealed at high temperatures in a very good vacuum lf3.
1.4.2. Barriers to flux penetration or expulsion
Bean and Livingston ^  have considered the interaction between
a fluxon and a plane surface for k >> 1. The necessary boundary
condition of zero current normal to the surface can be satisfied by
adding an image fluxon of opposite sign outside the surface. Bean
and Livingston show that the attractive image term of the inter-
-2x/Aaction energy varies as e for x »  £, where x is the distance
between the vortex core and the plane surface. A fluxon also expe­
riences a repulsive force away from the surface, owing to the pene­
tration of the external field into the superconductor. The repulsive
- 20 -
contribution to the interaction energy is proportional to e . A t  
low fields, the sum of the repulsive and attractive interaction 
energies lead to an energy barrier to flux motion into or out of a 
specimen. This suggests that, with a perfect surface, fluxons may 
not enter until a field at which the barrier to penetra­
tion disappears. The barrier to the expulsion of flux in decreasing 
field does not disappear until the external field is reduced to zero.
De Gennes 45 shows that for k »  1, H = H . Matricon ands c
Saint-James 46 have calculated Hg as a function of k. They find 
that H /H increases with decreasing k.
S G
Joseph and Tomasch and de Blois and de Sorbo 1+8 have observed 
flux penetration fields well above H ^ in Pb T1 films, and in wire 
specimens of Mb and Ta Mb, respectively. In both papers, the authors 
noted that the flux penetration fields could be reduced by roughening 
the surfaces of their specimens. De Gennes 1+9 has suggested that a 
surface will delay the penetration of flux only if it has very few 
irregularities on the scale of A.
1.4.3. Surface sheath effects
The experiments of, for example, Swartz and Hart 59 and Cardona, 
Gittleman and Rosenblum 51 have been interpreted as evidence for the 
existence of the surface sheath in the mixed state of type II super­
conductors. This means that in bulk materials the presence of the 
surface enhances superconductivity in the mixed state, so that the 
order parameter is larger close to the surface than in the bulk.
This surface layer can support a surface screening current. Attempts 
have been made to calculate the sheath currents in the mixed state 
(for example, Fink 52; Park 53 a51*) „
1.4.4. Surface flux pinning
It has been shown by, for example, Campbell and Evatts 39 that 
in heavily deformed type II superconductors a thin surface layer 
can support greater current densities than the bulk as a result of 
severe near surface deformation.
Hart and Swartz 55 introduced a surface flux pinning model in 
order to explain their results on the critical transport currents of 
annealed 5% Pb T1 foils. They proposed that surface flux spots, 
points at which quantized units of flux pass through the surface 
of a superconductor, can be pinned at locations which make their 
free energy a minimum. Surface roughness was suggested as one 
possible source of the spatial variation of the free energy of flux 
spots necessary for pinning.
Das Gupta and Kramer 56 have observed that there is a region 
close to a very smooth surface of a niobium superconductor, for a 
homogeneous distribution of defects of lew density throughout the 
superconductor, where there is very’' high flux pinning. Kramer and 
Das Gupta 57 attribute this high near-surface pinning to a decrease
in the shear modulus c._ of the fluxon lattice near the surface.
66
*
Morrison and Rose 58 have shown that surface irregularities can 
pin fluxons. They used a diffraction grating to imprint parallel 
grooves on a homogeneous cast In - 2% Bi foil specimen. With an 
external field perpendicular to the sample, they found that when 
the current was parallel to the grooves the critical current was 
much greater than when the current was perpendicular to the grooves.
- 22 -
1.5. A.C. loss in type II superconductors in the Meissner state
Even when a type II superconductor exhibits perfect macro­
scopic diamagnetism in the Meissner state, where a D.C. current is 
carried without loss, some A.C. losses are detected (see, for example, 
Buchhold and Molenda " ,  Buchhold 89, Rocher and Septfonds 
Buchhold 60 suggested that the losses may be due to magnetic field 
enhancement and consequent flux penetration at surface irregularities. 
Melville 1 has considered the magnetic field enhancement and conse­
quent flux penetration at peaks in the surface of a type II super­
conductor which is parallel to the field”, his work will now be 
summarised.
Melville assumes that the field enhancement is infinite. This
means that shielding currents can be neglected, and one can assume
that flux penetration starts from zero field, and that there is no
discontinuity in flux density at the highest peaks in the surface.
Fluxons can be expected to enter peaks in the surface of an essentially
flat superconductor at very low fields, but cannot enter the bulk
until the external field exceeds H ,. Melville also assumes that thecl
fluxons are approximately straight and point in the same direction
as the applied field. He suggests that this will be the case if
the height of the humps in the surface is less than or comparable 
with the spacing of the humps. Between the peaks ’lines of force' 
join the elements of fluxons in the peaks, and the fluxons can be 
considered continuous, lying partly inside and partly outside the 
superconductor. Where the fluxons are inside the superconductor the 
Gibbs free energy per unit volume in the absence of pinning is 
given by:
G = Fn " BHe + lB lHd  + V l B l> - i **oH|
where H is the external magnetic field and B is the local flux 
e
density. is the Helmholtz free energy in the normal state. 
{b {Hc^ is the self-energy of the fluxons 11 s E^(jB|) is the inter­
action energy of the fluxons s and J is the superconducting
condensation energy. Minimization of G with respect to B gives the 
equilibrium B-H relation for the bulk material:
He jBf lHcl + dfi|
B dE = H (B) rev
For the magnetic flux lying between the peaks the Gibbs free energy 
per unit volume is:
B2G = - BH t
2)iQ
If a proportion A(x) of a plane at a depth x in the region of 
surface roughness (x = 0 at the highest peak in the surface) is 
occupied by superconductor the mean free energy per unit volume is:
G(A) = - B H e + A [ | B | H cl + Ej( |b | ) - J + F j  + (1-A) f i -
Minimizing with respect to B one obtains the equilibrium B-H rela­
tion for an element of surface at a depth x:
»= = AIW B> + £ H (B,A) (1.
0
Putting B = 0 one finds that an external field H can penetrate ae
material without pinning centres to the death where A(x) =
Thus flux penetration starts from zero field9 but penetration to the
bulk cannot occur until H = H ,.e cl
To include pinning* Melville uses the results of Evettss 
Campbell and Dew-Hughes 37. Their equations relate the Lorentz
force* FT, and the pinning force, F (B,A), on a unit length of the•L P
fluxon. - 'line of force' system by:
Substituting H (B9A) from equation (1.5), and assuming a fairly 
homogeneous distribution of pinning centres within the peaks so that 
F (B,A)/<J>g can be replaced by AJcg(B), where a critical
current density, Melville obtains the basic equation describing 
flux penetration in the region of surface roughness:
dB _ dx
dx ~ f dH
p H  -B 
0
+ p AJ
C- “L (lt6)
1-A
, rev
1-p‘0 dB
This theory will be discussed further in Chapter 5, where solutions 
of equation (1.6) will be obtained for comparison with experimental 
results.
1.6. Edge effects in type II superconductors
When a magnetic field is applied parallel to the surface of 
a non-.infinite type II superconductor, there will be an enhancement 
of the magnetic field at the edges of the superconductor. This 
will lead to greater flux penetration at the edges than elsewhere 
in the superconductor, giving rise to large A.C. losses at the edges.
Edge effects in strip type II superconductors, under A.C. 
conditions, have been observed by, for example, Easson and Hlawiczka62 
Rogers, Redmonds and Chan 63, Grigsby and Slaughter 64 and Carter
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and Sutton 65. Norris 66567 has developed a method for calculating 
losses due to edge effects for strips of hard superconducting material, 
set back-to-back and carrying antiparallel current, in the case of 
a field independent critical current density.
Edge effects will be discussed further in Chapter where an 
outline of a model of edge effects in a pair of current-carrying 
type II superconducting strips will be described.
1*7. Summary of the introductory chapter9 and plan of the thesis
It is hoped that this introductory chapter has given an 
indication of the present (1975) understanding of the causes of 
A.C. loss in type II superconductors. No attempt has been made to 
present a comprehensive review of the experimental and theoretical 
work to be found in the literature, relevant to the experiments 
reported in this thesis.
A description of the apparatus used and of the methods 
of measurement used is given in Chapter 2. The examination of the 
physical state of the niobium strips is reported in Chapter 3. The 
experiments concerned with edge effects in pairs of current-carrying 
superconducting niobium strips are reported and discussed in Chapter if. 
The experiments concerned with flux penetration in from the inner 
surfaces of pairs of current-carrying superconducting niobium strips, 
far from the edges of the stripss are reported and discussed in 
Chapters 5 and 6. Finally, a summary of what has been achieved is 
given in Chapter 7. The more mathematical parts of the thesis have 
been placed in the Appendices, as has the description of an item of 
electronic equipment that'was constructed.
CHAPTER 2
EXPERIMENTAL METHODS
2«1» Basic principles
Consider two type II superconducting strips which are mounted 
face to face and separated by a thin insulating spacer. Figure 2.1 
shows the strips in cross-section; 2a is the spacer thickness and 2c
in opposite directions through the strips and let the induced magnetic 
field well inside the gap between the strips be given by H = Hqcos iot. 
The magnetic flux in the strips and in the gap between the strips will
At phase tot, the magnetic flux betx^een the strips per unit 
length of strip, $((ot), is given by:
$(wt) = iiQH.2a
Let, at phase art, (f>(wt) be the magnetic flux in each strip per
unit length of stria. The voltage at phase iot, V (tot), induced in a- u
pick-up coil, whose axis is approximately in the mid-plane of the strips 
and T7hich is far enough from the strips for the voltage not to he 
influenced by anj^  edge effects in the strips (see section *+.2), is 
given by:
is the width of the strips. Let a current, I = be Passed
be considered at places far from the edges of the strips.
d$((ot)
xtfhere D is a constant.
1‘V////////////////////, SpacerStrips
i
2c
Figure 2.1 Geometry of the cross-section of a pair of strips.
Superconducting
current
transformer
Strip secondary
Primary
Strip pair
Strip pair
□ □
Pick-up coils
' Set of 
pick-up coils
Figure 2.2 Diagram of the essential part of the apparatus which was in
liquid helium.
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At lew current amplitudes the current can be assumed to be 
flowing on the inner surfaces of the strios and therefore the voltage 
signal induced in the pick-up coil will be sinusoidal. If this 
sinusoidal voltage signal is compensated at a very low current 
amplitude,the voltage signal proportional to the magnetic flux alte­
rations in the gap between the strips will be compensated at all
higher current amplitudes, provided the compensation settings are
unchanged, and one will be left with the voltage signal proportional 
to the magnetic flux alterations in the strips.
To record the uncompensated and compensated voltage signals,
both signals will have to be amplified. If W (tot) and W (art) are the ° u c
recorded uncompensated and compensated voltages respectively at phase 
wt and if p and q are the amplification factors for the uncompen­
sated and compensated voltage signals respectively, then the recorded 
voltages, at phase art, will be given by:
Wu(art) = - PDJ~ PgtoH^sin art.a + (2 .1 )
and W (art) = - qD (2.2)
c ■ dt
At low current amplitudes, even when some magnetic flux pene­
tration has taken place into the strips, the uncompensated voltage 
signal can be assumed to be sinusoidal and the uncompensated voltage, 
at phase tot, will to a good approximation be given by:
W (tot) = pDy^toH sin tot.a (2.3)
U  A u o
If edge effects are negligible it can be assumed that the 
current will be evenly distributed across and in from the inner faces 
of the strips giving:
i
H ' = “  (2.4)
o
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However9 if edge effects are important it can no longer be assumed 
that current is distributed only across and in from the inner faces 
of. the strips and therefore equation (2.4) will no longer hold. Edge 
effects will have to be examined to see if they are important9 and if 
they are important then equation (2.4) will have to be corrected. Then, 
by recording at a fixed w uncompensated and compensated voltage wave­
forms 9 at various values of Iq9 it is possible9 by using equations (2.1), 
(2.2) 9 (2.3) and (2.4) or a corrected version of equation (2.4), to 
obtain information about the rate of change of magnetic flux in the 
strips without knowing either the exact position of the pick-up coil 
relative to the strips or the amplification factors p and q.
•To make measurements of the above quantitiess the cryostat and 
associated vacuum system designed by my predecessor Dr. Thompson 
was used. All experiments were performed in freely boiling liquid 
helium at 4.2°K.
2.2. The low temperature apparatus
The essential part of the apparatus which was in liquid helium 
is indicated diagrammatically in figure 2.2. The strip configuration 
and method of current supply used was similar to that used by Chant9 
Halse and Lorch 68. The specimen strips9 forming the back-to-back 
strip pair, were supplied with alternating current through a super­
conducting current transformer with a niobium strip secondary. The 
secondary strip was soldered at level M (see figure 2 .2) to the upper 
ends of the specimen strips and the lower ends at level N were soldered 
together. Over a central length (the test length) of the strip pair 
a set of pick-up coils sensed the fields due to current in the strips.
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The fields in this part of the apparatus could have been affected 
significantly by eddy currents in normal metal and by magnetization 
of nearly magnetic material. Hence whenever possible the structural 
materials in this part of the apparatus were non-metallic.
2.2.1. The superconducting current transformer
Figure 2.3 shows the superconducting current transformer. It 
was toroidal with 100 primary turns of 0.025 cm, diameter enamelled 
niobium wire. The secondary strip was looped over the primary and 
will be described in more detail in the next subsection. The core 
of the transformer was of clock--spring form, consisting of 1.25 cm 
wides 0.01 cm thick strip and had a mean diameter of 6.35 cm and a 
cross-sectional area of 1.81 cm2. The material was Telcon Super- 
mumetal. The primary was wound on to grooved tufnol end cheeks 
which also served to support the core. The transformer was attached 
to an 8.5 cm diameter9 1 cm thick tufnol disc by means of three 
long 6 B.A. nylon screws located in tufnol tubes (see figure 2.3). 
Current leads from the outside of the cryostat to the primary winding 
consisted of 18 strands of 34 swg enamelled copper wire5 twisted 
together and soldered to the primary winding by means of two solder 
pins on the top tufnol end cheek.
2.2.2. The secondary circuit of the superccnducting current 
transformer
The specimen strips and the strip secondary were prepared from 
initially a, 2.5 cm wide and a, 127 pm thick niobium tape. The strip 
secondary was cut with scissors from the tape, while the method of 
preparing the specimen strips, together with a fuller description of 
the niobium tape used, will be given in section 2.7. Each specimen
Figure 2.3 The superconducting current transformer
Figure 2.4 A specimen strip.
strip was a. 45 cm in length and 'v 6 mm in width, necking down to 
A; 3 mm over a test length of some 10 cm; figure 2.4 shows a typical 
specimen strip. Care was taken that the shapes of the specimen strips, 
especially over their test lengths,, were as identical as nossible.
The strip secondary was a, 21 cm in length and a . 8 mm in width, 
widening to about 2 cm for a, 1.5 cm at each end to provide a large 
area for j dinting.__________  ______
The three joints in the secondary circuit of the superconducting 
current transformer were made as follows. About 3 cm of each specimen 
strip end and each wide end of the strip secondary were first abraded 
with emery paper. Each strip end was then degreased in trichloro- 
ethylene in an ultrasonic cleaner and then etched for ten minutes 
in a solution containing 2.5% concentrated hydrochloric acid, 2.5% 
hydrofluoric acid and 95% methanol maintained at room temperature.
This procedure was to provide a key for a layer of nickel plate.
The nickel plating was done in a solution of composition:
Nickel sulphate 105 gm.
Nickel chloride 15 gm.
Ammonium chloride 15 gm.
Boric Acid 15 gm.
Water 1 litre.
The solution was maintained at room temperature and each strip end
was plated for 10 minutes at a current density of 10 mA/cm2, the anode 
being a U-shaped nickel rod. After plating, the strip ends were 
washed first in demineralized water and then in alcohol. They were 
dried with a hot air blower and immediately coated with solder. This 
was done by plunging the strip end first into Baker’s fluid and then 
into a brass boat containing 60/40 grade activated resin-cored solder
which was just molten.
The lower ends of the specimen strips were soldered together 
using Baker’s fluid. The specimen strips were then placed on PTFE 
tape lying on a perspex strip. 0.0012 cm thick Melinex polyester 
film, appropriately shaped, was stuck to the top face of the lower 
specimen strip using a 50:50 Evostick :Xylene mixture. The other side 
of the Melinex was then stuck to the bottom face of the upper specimen 
strip using Evostick, carefully aligning the two specimen strips. 
Another perspex strip was put over the specimen strips and G-clamps 
were used to apply a reasonably heavy pressure until the glue had 
dried thoroughly (approximately 18 hours). This method ensured a 
reasonably uniform spacer thickness.
On removing the strip pair from the ’perspex’ clamps, one of 
the upper ends of the specimen strips was soldered using Baker's 
fluid to one end of the strip secondary (to which Melinex had been 
stuck with Evostick). The strip pair was located with GE.7031 
varnish on to a tufnol base 68 cm long and 1 cm thick (see figure 2.5). 
The tufnol base was 1.5 cm wide except for a narrower section where 
one edge of the test length of the strip pair was aligned ftith 
the edge of the tufnol base. Two 1.5 cm wide clamping strips, one 
above and one below the narrow section of the tufnol base, held the 
strip pair in position while the varnish dried. The clamping strips 
also prevented the specimen strips from coming apart when large 
currents were passed through the specimen strips at 4.2°K. The 
clamping strips had toothcomb serrations to permit free access of 
liquid helium to the specimen strips.
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The loop over the primary of the superconducting current trans­
former was madeg and the unsoldered end of the secondary soldered 
with Baker?s fluid to the unsoldered upper end of the strip pair.
The loop was carefully aligned with itself and stuck together with 
Evostick. A screw clamp held the secondary in close contact with 
the primary (see figure 2.3).
The tufnol base had holes along its length and horizontal 
grooves in the narrow section of the base5 to permit free access of 
liquid helium to the specimen strips. The top of the tufnol base 
fitted into a hole in the tufnol disc supporting the superconducting 
current transformer and was held in position by a tufnol peg.
The average width of the strip pair over the test length was 
determined using a travelling microscope with the strip pair attached 
to the tufnol base.
2.2.3. The pick-up coils
Over the test length of the strip pair three pick-up coils, 
with their axes parallel to the faces of the strip pair, sensed the 
fields due to current in the specimen strips; figures 2.2 and 2.6 
show the position of the coils relative to the strip pair. A small 
moveable coil, coil A, was used for investigating edge effects, 
a large fixed coil, coil B, was used for investigating the time rate 
of change of flux penetrating in from the inner surfaces of the 
specimen strips, far from the edges of the strips, and another fixed 
coil, coil F 5 was used for in situ comparative measurement of spacer 
thickness.
It will be shown in Chapter 4 that if the corner regions at 
the edges of the strips are appreciably penetrated by flux and
bulk current, then the waveform of the voltage induced in a very 
small pick-up coil, which has its axis in the mid-plane between the 
strips 3 might be different when the coil is moved from a position 
very close to the edges of the strips to a position remote from the 
edges. Consequently coil A x-ms made as small as possible and more­
over moveable. Also care w a s taken when preparing the strip pairs, 
as described in the previous subsection, that as little Melinex and 
Evostick as possible protruded between the edges to be investigated.
To have coil A as small as possible and at the same time 
have enough sensitivity, 24 turns of 50 swg enamelled copper w i r e were 
used for the windings. The coil was wound on a 2 cm long, 0.013 cm 
thick Melinex former held with epoxy resin in a -pair of tufnol strins 
forming a cheek of the coil former. The windings occupied a cross- 
section of a, 0.02 cm axially x a, 0.08 cm and were bonded with epoxy 
resin. The edge of the coil former was flush vzith the end windings.
The tufnol cheek was attached with a screw to a tufnol mount (see 
figure 2.6) which included in it four worm type screw mechanisms 
for adjusting, with the aid of a travelling microscope, the coil 
position relative to the strip pair. At liquid helium temperatures, 
the coil was moved in a direction parallel to the faces of the 
strip pair by means of a nylon rack and pinion mechanism. This 
mechanism was in a tufnol container (labelled A in figure 2.6 ).The rack 
was attached to the coil's mount and the pinion \*as connected by a 
tufnol rod to a gear and worm drive at room temperature. The tufnol 
rod passed through the superconducting current transformer. At 
its upper end, the tufnol rod was joined to a stainless steel rod 
(of the same diameter as the tufnol rod), which passed through 
the cryostat cap by means of a vacuum shaft seal. The stainless
steel rod passed through a cylindrical brass housing, firmly fixed 
onto the cryostat cap, and into one of the gears of the gear and 
worm drive into which it was locked. The gear and worm drive was 
operated by a ten turn helipot; one complete revolution of the 
helipct corresponding to a coil movement of ^ 1 .1 mm at room tempera­
ture, as determined by a travelling microscope. The container of 
the rack and pinion mechanism was fixed onto a 4.5 cm diameter tufnol 
disc through which passed the tufnol base holding the strip pair.
This disc was attached by means of three tufnol rods to the larger 
tufnol disc supporting the superconducting current transformer (see 
figure 2.5).
Coil B consisted of 1000 turns of 47 swg enamelled copper 
wire wound on a 1.75 cm long, 0.08 cm thick perspex former. The 
cheeks and the former were machined from one piece of perspex. The 
windings occupied a cross-section of ^  0.2 cm axially x 'v 0.7 cm and 
were bonded with epoxy resin. So that coil B only investigated the 
flux penetration in from the inner surfaces of the specimen strips, 
far from the edges of the strips, it could not be too close to the 
strip pair (see section 4.2). To do this and at the same time 
have no problems in mounting, coil B was stuck with Evostick to the 
tufnol cheek of coil A (see figure 2.6). When coil B was used, 
coil A was pushed up close to the edges of the specimen strips; in this 
position the end windings of coil B were always > 4 mm from the 
edges of the strips.
As will be shown in section 2,4 the position of coil F relative 
to the strip pair has to be known to determine the spacer thickness. 
Hence coil F was made as small as possible and was carefully wound.
It consisted of two layers of 47 swg enamelled copper wire wound on
a 2 cm long9 0.013 cm thick Melinex former, held with epoxy resin 
in a pair of tufnol strips forming a cheek of the coil former. The 
windings occupied a cross-section of 0.3 cm axially x oj 0.04 cm and 
were bonded with epoxy resin. Coil F was stuck with Evostick to a 
perspex mount which was attached with two nylon screws to the side 
of the tufnol base opposite the side to which the strip pair was 
attached. Coil F was on the other side of the strip pair to that 
of coils A and B (see figures 2.2 and 2.6). It could not have its 
axis in the mid-plane between the specimen strips because of the 
mount of coil A.
Non-superconducting solder was used for connecting the leads 
of the three coils to 47 swg enamelled copper wires taken out of the 
cryostat, thus avoiding any trouble due to magnetization of super­
conducting solder. The solder connections for the leads of coils A 
and B were made on the small tufnol disc holding the container of 
the- nylon rack and pinion mechanism, while the solder connections 
for the leads of coil F were made on its perspex mount. The wires 
soldered to the coils' leads were taken out of the cryostat by means 
of a two-way pin connector fitted into a flat brass ring which was 
screwed into the cryostat cap. The flat brass ring had a circular 
groove to accommodate an 0-ring. The leads from each coil and the 
w i r e s soldered to these leads were carefully twisted together to 
reduce spurious signals in them, and they were lacquered with G.E.7031 
varnish to prevent the loops from opening in liquid helium.
2.2.4. Miscellaneous points
a) A liquid nitrogen trap was located beneath the cryostat cap (the trap 
is labelled A in figure 2.9); the top of the trap being 12 cm from 
the cap. This was to cool the upper part of the cryostat in the
precooling stage before liquid helium was passed into the cryostat. 
The trap was made from two 9 cm diameter copper discs soldered onto 
a 9 cm diameter5 6 cm long cylindrical copper tube. The current
leads, the wires from the pick-up coils, the tufnol rod used for
moving pick-up coil A and the liquid helium syphon passed through 
the trap by means of stainless steel tubes. The trap was connected 
to the cap by a number of tubes; one end of each tube being soldered 
to the top of the trap and the other ends ofthe tubes being soldered 
to the cap. Two of the tubes were made from brass and were used for
filling the trap with liquid nitrogen, while the other three tubes,
through which the current leads, the tufnol rod and the syphon 
passed, were made from stainless steel.
b) The current leads were taken into the cryostat through a bored 
rubber bung fitted into a short tube soldered onto the cap. The 
current leads passed out of the trap through a short copper tube 
soldered onto the bottom of the trap and the opening sealed with 
black wax.
c) The apparatus in liquid helium was supported by three stainless 
steel tubes (two of these tubes are labelled B in figure 2.9). The 
upper ends of the tubes were soldered to the bottom of the trap.
The bottom ends of the tubes were soldered to stainless steel rings 
which were screwed into the tufnol disc supporting the supercon­
ducting current transformer. The wires from the pick-up coils 
passed through two of these tubes while the syphon passed through 
the other tube. Slits were made in the tubes to prevent oscillations 
occurring in them during liquid helium transfer.
d) The tufnol rod used for moving pick-up coil A was divided into 
two just below the trap so that it could be removed from the
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apparatus without having to dismantle the gear and worm drive. The 
ends were gripped by small alien screws in a short brass cylinder 
of inner diameter slightly larger than the diameter of the tufnol 
rod.
2.3. The method of electrical measurement of the flux penetration
into the specimen strips
Figure 2.7 shows a block diagram of the circuitry.
2.3.1. Current supply to the primary winding of the 
superconducting current transformer
The primary winding of the superconducting current transformer 
was supplied with alternating current of up to 4 A,RMS3 at frequencies 
of 30 Hz and 120 Hz, by means of a two-terminal Levell Decade 
Oscillator Type TG 66 A and a Crown D-150 Power Amplifier w i t h a 
load impedance of 4-16 $1. Power resistors were used to match the 
load to the amplifier. At the frequencies and amplitudes of the 
currents used, the harmonic distortion of the oscillator and of the 
power amplifier w as < 0.15% and < 0.05% respectively. The frequency 
of the primary current was measured by an Advance Electronics TC 5 
Counter Timer. The amplitude of the primary current was determined 
by measuring the voltage across a Tinsley 0.1 Q LFI high precision 
resistance coil in series with the primary winding. The voltage 
was measured by a Solartron Digital Multimeter Model 4440.
The superconducting current transformer was assumed to be 
ideal. Therefore, if the RMS voltage measured across the 0.1 9, 
resistance coil was Vj, the RMS current flowing through the specimen 
strips, I was given by:
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The primary current waveform could be observed on a. double 
beam CD 1400 Solartron Oscilloscope.
2.3.2. Electrical compensation of the signals in the pick-up coils
for very low amplitudes of the current in the specimen strips
At a very low amplitude of the current in the specimen strips5 
the itfaveform of the voltage induced in either pick-up coil A or B 
was compensated in two stages.
The first stage of compensation was performed electromagne- 
tically. The pick-up coil was connected in series opposition with 
the secondary of a variable mutual inductance3 at room temperature3 
through the primary of which was passed the current output of the 
power amplifier (see figure 2.7). The primary of the mutual inductance
was a pair of Helmholtz coils. The coils were separated by a distance
equal to their radii. The secondary of the mutual inductance was 
a pick-up coil9 coil at the midpoint of the Helmholtz coils. At
a fixed primary current3 the voltage induced in coil M was varied 
by rotating the coil around an axis perpendicular to its own axis.
Each coil of the pair of Helmholtz coils consisted of 30 turns 
of 19 swg enamelled copper wire wound on a 3 cm radius perspex 
former3 the windings being bonded with Evostick. Coil M consisted 
of 40 turns of 47 swg enamelled copper wire wound on a 1 cm radius 
perspex former5 the windings being bonded with Evostick. This 
arrangement gave the necessary range for compensation5 as well as 
giving a low primary impedance. The Helmholtz coils were mounted 
in a 10 cm sided electrostatic shielding aluminium box. Coil M
was rotated by means of a gear and worm drive on the top of the
aluminium box. It was held by a nylon screw in a slit of a 1.25 cm
diameter tufnol rod. The top of the rod went into the gear of the
gear and worm drive into which it was locked. The gear and worm
drive was operated by a ten turn helipot; one complete revolution
of the helipot corresponded to a rotation of coil M of ^  10° , giving
adequate sensitivity for compensation. The leads of coil M were
twisted together3 lacquered and connected in series opposition with
c
either coil A or B via a BNC sojcet, fixed into a wall of the aluminium 
box. The output signal was amplified by a variable bandwidth and gain 
Brookdeal Low Noise Amplifier Model 450.
Coil M was rotated until the amplitude of the amplified output, 
as observed on the oscilloscope, was. a minimum. The signal from 
either coil A or B was not completely.compensated by this method 
because of a small phase shift introduced by the circuitry.
The second stage of compensation was performed electronically.
In the electronic compensator (figure 2.7) the partially compensated 
pick-up coil signal was added to a reference signal, which was 
derived from the output of the power amplifier via a 0.25 Q resistance 
coil in series with the primary winding of the superconducting current 
transformer. The reference signal was adjustable in amplitude and 
phase. The output, passed through a low pass filter (with a variable 
cut-off frequency) and a variable gain amplifier, was adjusted as 
nearly as possible to zero by observation with the oscilloscope and 
by measurement with a Brookdeal Lock-in Amplifier Model 401 A, the 
reference of which came from the output of the power amplifier. When 
a null signal was obtained for a very low current amplitude, the 
compensation settings were fixed, with the result that at higher
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current amplitudes the signals from the pick-up coil were also 
compensated.
A fuller account of the electronic compensator, which was in an 
electrostatic shielding aluminimum box, is given in Appendix 1.
2.3.3. Recording uncompensated and compensated waveforms
The uncompensated signals, which had been amplified with the 
Low Noise Amplifier, and the filtered and amplified compensated 
signals were fed into a boxcar detector and the output of this was 
displayed on a X-Y plotter (see figure 2.7).
The boxcar detector5 which enabled the signals to be recorded 
relatively free from noise, consisted of a Brookdeal Linear Gate 
Model 415 and a Brookdeal Scan Delay Generator-Model 425 A. The 
signals were fed into the Linear Gate which was in the sampling 
and signal recovery mode. The reference signals of the Linear 
Gate were pulses of fixed amplitude and selected width obtained 
from the Scan Delay Generator, the triggering voltage of which was 
obtained from the oscillator supplying the current to the specimen 
strips.
The output of the Linear Gate was fed into the Y channel of 
a Bryans Model 22020 X-Y plotter, while a variable speed linear 
ramp voltage starting at 0V and finishing at - 10 V, which was 
generated by the Scan Delay Generator, was fed into the X channel 
of the X--Y plotter.
2.3.4. Miscellaneous points
a) Mains power was fed to all of the electronics via a mains 
filter. This reduced any distortion inherent in the mains which
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might have been introduced into the circuitry.
b) Coaxial cables were used in all of the circuitry outside the 
cryostat so as to minimize spurious signals due to stray magnetic 
fields.
c) The circuitry was grounded at the minimum number of points so as 
to avoid hum loops formed by a multiplicity of ground connections.
It was found that an isolating transformer had to be placed between 
the oscillator and the scan delay generator (see figure 2.7).
2.4. Measurement of the spacer thickness
The thickness of the spacer between the specimen strips near 
pick-up coils A and B was measured in situ. The experimental 
arrangement is shewn in figure 2.8.
The specimen strips were supplied with alternating current as 
described in subsection 2.3.1, usually at 120 Hz. The current ampli­
tudes were small, hence the current could be assumed to be flowing 
on the inner surfaces of the specimen strips. Thus the voltage 
signals induced in pick-up coil F could be assumed to be sinusoidal. 
These voltage signals were amplified by the Low Noise Amplifier at 
a fixed gain and bandwidth, usually 90 dB and 1 Hz -* 10 KHz respecti­
vely. The amplitudes of these amplified voltage signals were measured 
by a Solartron Digital Universal Meter Tyre A 1613 and the amplitudes 
of the current in the specimen strips were measured as described in 
subsection 2.3.1.
The current supply to the specimen strips was discontinued 
and the oscillator connected to a pair of Helmholtz coils external 
to the cryostat (see figure 2 .10), The coils were separated
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Figure 2.8 Block diagram of the circuitry used in the measurement of
the spacer thickness.
by a distance equal to their radii. Coil F was at the midpoint of 
the Helmholtz coils. For the same frequency of the current in the 
Helmholtz coils and gain and bandwidth of the Low Noise Amplifier 
as when current was passed through the specimen strips, the ampli­
tudes of the current in the Helmholtz coils, as measured by a Solar- 
tron Digital Universal Meter Type A 1613s were altered until the 
voltage signals induced in coil F corresponded to the voltage signals 
induced in the coil when current was passed through the specimen 
strips.
From this information, and knowledge of the width of the strip 
pair and of the position of coil F relative to the specimen strips, 
both determined by a travelling microscope, a value for the spacer 
thickness near coils A and B could be determined as shown in Appendix 2.
The pair of Helmholtz coils were coils already in our possession. 
Each coil consisted of 500 turns of cotton covered copper wire of total 
D.C. resistance of 15.1 ft, wound on a wooden former. The windings 
were bended, and the average radius of each coil was 17.6 cm.
2*5. The Cryostat
A photograph of the cryostat is shown in figure 2.10 and a 
schematic diagram of the top of the cryostat is shown in figure 2.11.
The dewars were made of glass rather than metal so as to avoid 
spurious signals. The helium dewar had a tail of internal diameter 
5 cm into which fitted the strip pair on the tufnol base and the 
pick-up coils. The top part of the helium dewar was of internal 
diameter 10 cm. The helium dewar tail rested on a polystyrene pad 
at the bottom of the outer dewar which also had a tail. This outer 
dewar rested in a polystyrene block set in a dexicn framework.
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Figure 2.11 Schematic diagram of the top of the cryostat.
The pair of Helmholtz coils used in the determination of the spacer 
thickness was fixed in this framework by dexion supports (see figure 
2.10). Doth dewars had two transparent vertical windows to observe 
the level of the liquid helium in the helium dewar.
The upper part of the helium dewar fitted into the lower end 
of a cylindrical brass tube, which will henceforth be referred to 
as the brass holder (see figure 2.11). The internal diameters of 
the lower end and of the upper end of the brass holder were slightly 
larger and slightly smaller respectively than the external diameter 
of the upper part of the helium dewar. A vacuum-tight seal between 
the helium dewar and the brass holder was made by means of a length 
of car-wheel inner tube , tightened onto both components with copper 
wire. Helium gas boiling from the liouid helium could escape from 
the dewar through a brass tube soldered onto the upper part of the 
brass holder. The helium gas passed into the atmosphere via a 
Parkinson-Cowan wet-test flowmeter. A thick brass ring of outer 
diameter 22 cm was soldered onto the top of the brass holder and was 
fixed rigidly onto a 1 cm thick aluminium plate which in turn was 
fixed rigidly onto a dexion framework (see figure 2.11). The dewars 
and the pair of Helmholtz coils, set in its dexion framework, stood 
on a thick piece of plywood resting on a dexion framework.
A cylindrical brass tube of external diameter very slightly 
smaller than the internal diameter of the top part of the brass 
holder was soldered to the cryostat cap which consisted of two 1 cm 
thick, 17.5 cm diameter brass discs screwed together. When the low 
temperature apparatus was in position in the cryostat, the brass tube 
soldered onto the cryostat cap fitted tightly into the upper part 
of the brass holder, while the outer part of the cap rested on the brass
ring soldered to the top half of the brass holder (see figure 2.11).
A vacuum-tight seal was formed by means of twc T0’ rings accommo­
dated in two semi-circular grooves which had been cut on the inside 
of the upper part of the brass holder. Large holes had been drilled 
at regular intervals in the brass tube soldered to the cap, and 
when the low temperature apparatus was in position in the cryostat 
one of these holes coincided with the brass tube soldered onto the 
brass holder which let helium gas escape from the helium dewar.
2.6. Outline of the experimental procedure
With the low temperature apparatus in position in the cryostat, 
helium gas was let into the helium dewar by means of the syphon.
This prevented ice formation inside the dewar. The vacuum space of the 
helium dewar was flushed a few times with relatively helium-free air from 
outside the laboratory and then the space was pumped to a pressure of 
2 cm Hg. This was done tc make the pre-cooling by liquid nitrogen 
of the inside of the cryostat quicker. The space between the dewars 
and the liquid nitrogen trap were filled with liquid nitrogen and 
the inside of the cryostat was allowed to cool for 3 hours.
Liquid helium was then transferred into the helium dewar by means of 
the syphon until the liquid helium level was ^ 25 cm above the super­
conducting current transformer. This allowed between 4 and 5 hours 
for measurements to be taken.
Upon completion of the transfer, the amplitude of the primary 
current of the superconducting current transformer was increased 
until the i%Tavef orm of the voltage induced in pick-up coil B , observed 
on the oscilloscope, collapsed. This showed what range of current was 
available for measurement and was considerably influenced by the 
quality of jointing in the secondary circuit of the superconducting
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current transformer. Measurements were then made as described 
earlier in this chapter.
The specimens
2.7.1. The niobium tapes
One pair of specimen strips was prepared from initially 
'v 2.5 cm wide and <v 127 ym thick cold rolled niobium tape obtained, 
by my predecessor Dr. Thompson, indirectly from Kawecki-Billitcn 
(U.K.) Ltd. This niobium tape will henceforth be referred to as 
OLD niobium tape. The rolling marks were not more pronounced on one 
side of the tape- The results of a mass spectrographic analysis 
of the tape, by Fulmer Research Institute Ltd., showed it to be of 
99.93% purity with the major impurities listed in Table 2.1.
TABLE 2.1
Major impurities 
of the OLD 
niobium tape
Impurity 
content (p.p.m)
Ta 392
0 52
N 45
W 20
C 13
The other pairs of specimen strips were prepared from initially 
'v 2.5 cm wide and 127 ym thick cold rolled niobium tape obtained 
directly from Kawecki-Billiton (U.K.) Ltd. This niobium tape will 
henceforth be referred to as NEW niobium tape. The rolling marks
were more pronounced on one side of the tape. Henceforth the surface 
with more pronounced rolling marks will be referred to as the 1 rougher5 
surface3 while the surface with less pronounced rolling marks will 
be referred to as the ’smoother* surface. A chemical analysis of 
the tape, by the suppliers, showed it to be of 99.93% purity with the 
major impurities listed in table 2.2.
TABLE 2.2
Major impurities 
of the NEW 
niobium tape
Impurity 
content (p.p.m)
Ta 320
0 70
N 25
W < 100
C
....
20
2.7.2. Preparation of the specimen strips
a) From the OLD niobium tape
A pair of specimen strips were cut with scissors from the OLD 
niobium tape. The edges of the strips were then filed with a ’super­
smooth’ file with a randomly orientated filing action, the strips 
being held between two pieces of aluminium in a vice. Any sharp 
needles left on the edges were removed. The rolling marks were 
parallel to the edges of the strips. The strip pair formed from 
these specimen strips will henceforth be referred to as specimen OLD.
b) From the NEW niobium tape
(i) Three pairs of specimen strips were cut with scissors
from the NEW niobium tape and had nothing done to them. The rolling 
marks were parallel to the edges of the strips. The inner faces of 
a pair of specimen strips forming one strip pair had ’rougher’ 
surfaces; henceforth this strip pair will be referred to as specimen 
NEW/rougher. The inner faces of the specimen strips forming the other 
two strip pairs had ’smoother’ surfaces;, henceforth these strip pairs 
will be referred to as specimen NEW/smoother and specimen NEW/E/ 
smoother respectively.
(ii) The inner faces of a pair of specimen strips forming one
strip pair had electropolished surfaces over the test length. The
r
method of preparation of these specimen strips will now be des^Lbed.
A length, equal to the required length of the specimen strips, was 
cut from the NEW niobium tape and a length of this piece of tape, 
equal to the required test length of the specimen strips, was 
electropolished in a solution 69 consisting of 15% hydrofluoric acid 
and 85% concentrated sulphuric acid, with a carbon cathode. The 
solution was maintained at 38°C and the required length of the piece 
of tape was electropolished for 10 minutes with a cell voltage of 
^ 8 V, The face with the ’smoother’ surface was only electropolished; 
the areas of the length of tape in the electropolishing solution 
which were not to be electrcpolished were covered with Lacomit, a 
protective varnish. After electropolishing, the electropolished 
surface was washed with distilled water and then the varnish was 
removed with acetone. The length of tape was finally dried with a 
paper tissue. ^ S ym of material had been removed by the electro­
polish. Specimen strips were cut with scissors from this partially
electropolished length of tape. The strip pair formed from these 
specimen strips will henceforth be referred to as specimen NEW/ 
electr.
(iii) After low temperature measurements had been performed on 
specimen NEW/electr, two scratches were made with a scriber on each 
electropclished surface. The scratches were parallel to the edges
of the strip over its test length and each scratch was ^.6 mm from the 
nearest edge; the average width of the strips over the test length 
being 2.52 mm. The strip pair formed from these scratched specimen 
strips, with the scratched surfaces as the inner surfaces, will hence­
forth be referred to as specimen NEW/electr/scr.
(iv) Two pairs of specimen strips were cut from the NEW niobium
tape, and the faces of the strips with ’rougher7 surfaces were 
abraded with a coarse file over the test length; the direction of 
filing being parallel to the edges of the strips. The strip pairs 
formed from these specimen strips, with the abraded surfaces as the 
inner surfaces , will henceforth be referred to as specimen NEW/ 
abraded and specimen NEW/T/abraded respectively.
(v) After obtaining two specimen strips in the manner of (ii)
above, the strips were placed in an annealing furnace. The pressure 
inside the furnace was taken down to < 10~5 torr at room temperature. 
The temperature in the furnace was then taken up to 1000°C in steps 
of 50°C, the temperature not being raised until the pressure inside 
the furnace was < 10~5 torr; the temperature being raised to 1000°C 
from room temperature in this way in 40 hours. The specimen strips 
were annealed for 1 hour at a temperature of 1000°C in a pressure of
10""5 torr, and then allowed to cool down to room temperature in a
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pressure of < 10~5 torr. A subsequent microprobe analysis of the 
specimen strips9 performed by the Metallurgy and Material Technology 
Department of the University of Surrey 9 showed that just below the 
electropolished surfaces there was 0.5 ± 0.3 atomic % oxygen and 
<0.3 atomic % nitrogen. The strip pair formed from these specimen 
strips, with the electropolished surfaces as the inner surfaces, 
will henceforth be referred to as specimen NEW/electr/anneal.
CHAPTER 3
THE PHYSICAL STATE OF THE SPECIMEN STRIPS
On completion of the low temperature measurements, the physical 
state of the test lengths of some of the specimen strips was 
investigated for correlation with the low temperature measurements. 
This correlation will be discussed in later chapters. The following 
features were investigated:
a) The surface profiles
b) The grain structure
c) The dislocation structure.
3.1. The surface profiles
The surface profiles of the inner faces of the test lengths of 
some of the specimens were looked at by three techniques. Firstly, 
a Rank-Taylor-Hobson 'Talysurf* in the Electronic and Electrical 
Engineering Department of the University of Surrey was used to 
obtain surface profile traces in a direction perpendicular to the 
edges of the specimen strips (parallel to the magnetic field well 
inside the gap between the strips when alternating current was passed 
through the strips at H.2°K), These are shown in figures 3.1 and
3.2. Table 3.1 gives a quantitative measure of these surfaces in 
terms of the average depth of surface roughness, x^, as determined 
from a number of TTalysurf' profiles, of the relevant surfaces.
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Figure 3.1 ’Talysurf' profiles of the inner surfaces of some of the
specimens, in a direction perpendicular to the edges of the 
specimen strips: (a) specimen NEW/rougher; (b) specimen NEW/ 
smoother; (c) specimen NEW/electr; (d) specimen NEW/abraded.
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Figure 3.2 1Talysurf* profiles of the inner surfaces of some of the
specimens, in a direction perpendicular to the edges of the 
specimen strips: (a) specimen NEW/electr/anneal; (b) specimen 
OLD.
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Figure 3.3 *Talysurf* profile of one of the scratches of specimen NEW/ 
electr/scr.
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TABLE 3.1
Specimen
Average depth of
roughness of the
inner surfaces (x )(ym) m
NEW/rougher 2.0
NEW/smoother 0.9
NEW/electr 0.6
NEW/abraded 18.0
NEW/electr/onneal 0.5
OLD 1.1
The peaks and valleys caused by rolling can be seen in the 
surface profile trace of specimen NEW/rougher (figure 3.1 (a))5 and 
to a lesser extent in the surface profile trace of specimen NEW/ 
smoother (figure 3.1 (h)). Electropolishing the ’smoother’ surface 
of the NEW niobium tape had smoothed the surface, as shorn in figure 
3.1 (c). Figure 3.1 (d) shows that the inner surfaces of specimen 
NEW/abraded had very high primary peaks with a few secondary peaks.
The depth of roughness of the inner surfaces of specimen NEW/electr/ 
anneal was very small9 but the surfaces had irregularities on a fine 
scale3 as shown in figure 3.2 (a). Figure 3.2 (b) shows that the 
inner surfaces of specimen OLD had broad primary peaks with a few 
secondary peaks.
Figure 3.3 shows a profile trace of one of the scratches of 
specimen NEW/electr/scr. It was found from a number of such profile 
traces that the average width of the scratches s measured along the 
electropolished surfaces, was 64 pm, the average depth of the scratches 
from the electropolished surfaces was 4.9 pm, and the average depth 
of surface roughness was 12.7 ym.
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From each of the surface profile traces shewn in figures 3.1
and 3.2, the proportion of a line at a depth x in the region of
surface roughness occupied by superconductor was determined (x = 0
at the highest peak in the surface), and expressed as A(p), where
n = —  (x is the depth of surface roughness). Figures 3.H and 
x m m
3.5 shew A(p) plotted against n for these surface profile traces. 
Figures 3.4 and 3.5 and table 3.2 show the simple analytic functions 
which best describe the experimental curves of A(n). The use of 
these functions will be described in Chapter 5.
TABLE 3.2
Specimen
The simple analytic function 
which best describes the 
experimental curve of A(n)
NEW/rougher 
NEW/smoother 
NEW/electr 
NEW/abraded 
NEW/electr/anneal 
OLD
n 2.3 A(n) = n
A(n) = + sin - j  + irnj
A(n) = -Tl + sin - j  + drn 
L I
A(n) = -jjj. + sin - j  + ttti 
A(ri) = + s i n j  + Trp
v _ 0.6A(n) = n
The surfaces were also examined using a ’Stereoscan* electron 
microscope in the: Metallurgy and Material Technology Department of 
the University of Surrey and using a Reichert.optical microscope, 
to obtain a better qualitative idea of the nature of the surface
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profiles. Figure 3.6 shows scanning electron micrographs of the 
inner surfaces of some of the specimens9 and figure 3.7 shows optical 
micrographs of the inner surfaces of some of the specimens. As well 
as supporting the quantitative conclusions of the ’Talysurff measure­
ments 3 the micrographs show that the inner surfaces of specimens NEW/ 
electr and NEW/electr/anneal were fairly isotropic while the inner 
surfaces of the other specimens were strongly anisotropic.
Figure 3.8 shows an optical micrograph of one of the inner 
surfaces of specimen NEW/electr/scr3 clearly showing the two parallel 
scratches.
The grain structure
The grain structure9 in a plane parallel to the faces of the 
strips9 of specimens NEW/electr <> NEW/electr/anneal and OLD was 
examined. Small samples cut from the test lengths of the specimen 
strips were etched for 1 -*■ 2 minutes in a solution 70 of 30% hydro­
fluoric acid and 70% concentrated nitric acid^ maintained at room 
temperature9 and then washed in methanol and dried with a paper 
tissue. The grain structures thus exposed were examined with a 
Reichert optical microscope. Micrographs of the grain structures are 
shown in figure 3.9. Figures 3.9 (a) and (b) show that the grains 
of specimens NEW/electr and OLD were of varying size- and elongated 
in the rolling direction. However9 the grains of specimen NEW/ 
electr were much smaller than those of specimen OLD. Figure 3.9 (c) 
shows that the anneal caused recrystallization to occur9 resulting 
in grains whose average size was ^ 20 ym.
(b)
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Figure 3.6 Scanning electron micrographs of the inner surfaces of some of 
the specimens. The direction parallel to the edges of the 
specimen strips is approximately horizontal. Tilt = 45°.
(a) Specimen NEW/rougher (x 1420)
(b) Specimen NEW/smoother (x 1500)
(c) Specimen NEW/electr (x 1920)
(d) Specimen NEW/abraded (x 1400)
(e) Specimen NEW/electr/anneal (x 1920)
*
100 ym 100 ym
(c)
100 ym
■■ ! r ' i  )•:[
100 ym 100 ym
Figure 3.7 Optical micrographs of the inner surfaces of some of the 
specimens. The direction parallel to the edges of the 
specimen strips is approximately vertical.
(a) Specimen NEW/rougher
(b) Specimen NEW/smoother
(c) Specimen NEW/electr
(d) Specimen NEW/electr/anneal
(e) Specimen OLD
200 ym
Figure 3.8 Optical micrograph of one of the inner surfaces of specimen 
NElV/electr/scr. The direction parallel to the edges of the 
specimen strip is approximately vertical.
- t>8 -
200 ym
Figure 3.9 The grain structure, in a plane parallel to the faces of the 
strips, of:
(a) Specimen NEW/electr
(b) Specimen OLD
(c) Specimen NEW/electr/anneal
The direction parallel to the edges of the specimen strips (the 
rolling direction for (a) and (b)) is approximately horizontal.
3.3. The dislocation structure
The dislocation structure of some of the specimen strips was 
studied at various depths from the surfaces by examination by trans­
mission electron microscop}'- of thin foils, prepared from samples 
cut from the test lengths of the strips. The samples were reduced 
in thickness in an electropolishing solution 69 consisting of 15% 
hydrofluoric acid and 85% concentrated sulphuric acid with a carbon 
cathode. The solution was maintained at 38°C and the samples 
electropolished with a cell voltage of 8 V. Areas of the samples 
in the electropolishing solution which were not to be electro­
polished were covered with Lacomit, a protective varnish.
The following procedure was adopted to obtain a thin foil 
at a depth xym, say, from a surface of a specimen strip. Varnish 
was applied to the surface not in question of a sample, cut from 
the test length of the specimen strip, and the sample electropolished 
until xym of material had been polished away. The sample was washed 
in distilled water and then in acetone (to remove the varnish) and 
dried with a paper tissue. The electropdished surface was then 
varnished and the sample electropolished until it split into two 
forming two thin foils, the jagged edges of which were xym from the 
surface in question. After washing the foils in distilled water, 
the varnish was removed with acetone and the foils dried with a 
paper tissue. Suitable pieces of foil were cut from the jagged edges 
with a sharp razor blade and examined in a 120 KV JEM electron 
microscope in the transmission mode.
Figures 3.10, 3.11 and 3.12 show micrographs at depths 0 ym,
5 ± 2 ym and 60 ± 2 ym respectively from the inner surfaces of
0.3 ym 0.3 ym
Figure 3.10 Transmission electron micrographs at a depth 0 ym from the 
inner surfaces of specimen NEW/smoother.
0.4 ym 0.2 ym
Figure 3.11 Transmission electron micrographs at a depth 5 ± 2 ym from
the inner surfaces of specimen NEW/smoother.
0.3 ym 0.3 ym
Figure 3.12 Transmission electron micrographs at a depth 60 ± 2 ym from 
the inner surfaces of specimen NEW/smoother.
0.4 ym 0.3 ym
I igure 3.13 Transmission electron micrographs at a depth 0 ym from the
inner surfaces of specimen NEW/rougher.
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i_______ i i------- 1
0.4 ym 0.4 ym
Figure 3.14 Transmission electron micrographs at a depth 5 ± 2 ym from 
the inner surfaces of specimen NEW/rougher.
0.3 ym 0.4 ym
Figure 3.15 Transmission electron micrographs at a depth 15 ± 2 ym from
the inner surfaces of specimen OLD.
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Figure 3.16 Transmission electron micrographs at a depth 6 ± 2 ym from 
the inner surfaces of specimen NEW/electr/anneal.
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specimen NEW/smoother. Figures 3.13 and 3.1*f show micrographs at 
depths 0 pm and 5 ± 2 ym respectively from the inner surfaces of 
specimen NEW/rougher. At all the examined depths there was a cellular 
structure typical of cold worked niobium (see, for example, Narlikar 
and Dew-Hughes ). The cell walls were made up of tangles of 
dislocations3 while there were relatively few dislocations present 
within each cell. The size of the cells varied between % 0.2 ym and 
^ 1.0 ym at all the examined depths. At depth 0 ym from the inner 
surfaces of specimen NEW/rougher (figure 3.13) there was evidence of 
a fibrous structure produced by the rolling process.
Figure 3.15 shows micrographs at a depth 15 ± 2 ym from the 
inner surfaces of specimen OLD. There x^ as a cellular structure similar 
to that of specimens NEW/smoother and NEW/rougher, the cells being 
of similar size to those of specimens NEW/smoother and NEW/rougher.
Figure 3.16 shows micrographs at a depth 6 ± 2 ym from the 
inner surfaces of specimen NEW/electr/anneal. There x^ ere very few 
dislocations.
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CHAPTER 4
EDGE EFFECTS IN PAIRS OF SPECIMEN STRIPS
Before the flux penetration in from the inner surfaces of 
pairs of current-carrying specimen strips could be investigated, the 
influence of the edges on this penetration had to be examined. The 
chapter begins by describing in outline a model of edge, effects in a 
pair of current-carrying type II superconducting strips. The model is 
used to predict how much the waveform of a voltage induced in a nick-up 
coil might be expected to depend on the distance of the coil away 
from the edges of the pair of strips. Experiments are then reported 
which show the existence of such edge effects. The chapter closes 
with a description of a method of treating the results from the 
specimen strips as if the strips had no edges to them.
4.1. A model of edge effects in a pair of current-carrying type II 
superconducting strips
An outline is given of a model 71 which attempts to represent 
the pattern of direct current flow and flux penetration in the neigh­
bourhood of the edges of the inner faces of a pair of type II super­
conducting strips, in such a form that the conditions of a simple 
critical state model can subseouently be applied to describe A.C. 
behaviour.
Whereas the current distribution in a pair of strips, GHFD and 
its mirror image in the central plane EOD* (see figure 4.1), is 
really wanted (the remote ends and the currents flowing thereon having 
been neglected), the problem is simplified by neglecting the corner H, 
thus neglecting the effect of the currents flowing near it and along
z-plane
r ~ C (w = 1)
r
> D
(w = 0)
-» D ’
Figure 4.1 Geometry of the edges of a pair of strips.
w-plane
D'D
W  =  -0 0
Figure 4.2 The points in figure 4.1 in the w-plane.
7r(y-a)
2a
1
w = 10
a =10
10 10w = 1
TTX
2a
Figure 4.3 The curve BC in figure 4.1 for a = 10 and a - 10 .
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the outer face GH. Therefore what happens near a single corner AFD 
of a superconductor and a superconducting plane EOD1 a distance a away 
from the face FD is merely considered, this goemetry being represented 
in the complex z-plane as indicated in figure 4.1.
Consider the modified Schwarz-Christoffel transformation:
in dealing with electrostatic fields near rounded-off corners. C, a 
and $ are constants, and integration yields a relationship between 
complex z(= x + iy) and complex w(= u + iv) such that the contour 
ABCDD’E in the z-plane is transformed into the real axis, v = 0, of 
the w-plane with the correspondence between points as shown in figures
3.cl
i+, 1 and 4.2. This happens provided that C = — {~j T’gT •
transforms ADCD (0 < w < ») into the r-axis in the t-plane and D’E 
( - c o < w < 0) into the line s = r r D .  For reasons which are briefly 
explained in Appendix 3 s can be identified with the magnitude of the 
magnetic vector potential, and the magnetic field anywhere in the 
region ADCD and D fE in the z-plane can be found from:
dz . c & s r  + e ^ T
dw w
(4.1)
which is similar to one attributed by Kober 72 to Cockroft and used
The further transformation
t = r + is = B log w (4.2)
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The magnitude of the field anywhere is thus:
mm, t ■
h  ^+ h  ^ “
* y yo
'9s'
2
-i
f \
9s 2 1 dt
9x\ J
T
■*y. ' \ dz
and since ^  s using equations (4.1) and (4.2)
/ h  2 + h 2 = ---M ^ + 6 ) -----
x y p_a|/w=a+|3^=T|.
(4.3)
What has been found is a pair of surfaces ADCD and D!E over each of 
which there is constancy of magnetic vector potential, and hence no 
normal component of magnetic induction, and between which there is a 
magnetic potential difference irB. If a current of surface density 
given by equation (4.3) flows along these surfaces (normal to the 
z-plane) no field will be produced inside ABCD or below D’E, If J
o
is the surface current density well inside the gap towards DD* (i.e. 
as w -»• 0) then equation (4.3) gives:
Btt = y_a J (4.4)
o o
It may be noted that if *3 = 1, eouation (4.3) shows that over 
the range 1 < w < a (i.e. over the curve DC) the surface current 
density is constant and given by:
J (/a+1)
j = _o----- (^5)
/a-1
With type II superconducting strip carrying current there must 
be penetration of current and flux into the corner region in order to 
avoid the infinite surface current at the corner F (see Appendix 3). 
However, the mixed state cannot sustain an internal surface current.
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and so the next step is to try to represent a bulk current distributed 
over the corner region which, together with associated surface current 
flowing elsewhere, will shield the interior of the strip from flux 
penetration. It is simplest to make f? = 1 and to introduce a distri-
between curves like BC characterised by a and a + da. By equation (4.5) 
the associated surface current density well within the gap is Af(a)da, 
where A is a constant having dimensions of current per unit length.
With this description a surface current density well within the
will give rise to current flovring in the mixed state corner region 
between the corner F and a curve BC characterised by an. The para­
meter a(or aQ) can vary between 1 and «>, two examples of the curve BC 
for a - 10 and a = 10** are shown in figure 4.3. Data for plotting 
these curves have been obtained by equating the real and imaginary 
parts of the integrated form of equation (4.1) for 1 < w < a (the 
curve BC):
For small a values net much above unity DC is roughly circular; as
Oa #
a 00 the point B approaches y - a = BF = ~  and the point C tends 
to x = ». The curve for a = 00 is vertually indistinguishable from the
bution function f(a) such current flowing
a
one shown for a = 10** apart from the fact that C gees to «>. The area
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of the corner region through which hulk current flows,
2
xdy, a17T
The function f(a) is chosen as f(a) = (/a + I)"3 to make the
bulk current distribution as uniform as possible. This is inevitably 
an arbitrary compromise, since it is inherent in the present tyne of 
description that the bulk current density tends to <» as the current- 
carrying surfaces RF and FC are approached. A flux pinning model is
field independent bulk critical current density jcp to the corner 
region. This leads to a value of 0.3143.ajcp for the surface 
current density well within the gap for the case of = °».
It has been implied in the model that J < H ,, so that when 1 03 cl’
the magnetic field well within the gar> = the bulk current in the
corner region is characterised by a values from 1 to 00. When the
magnetic field well within the gap = H . for the case of J > H ,,° 1 cl co cl
the bulk current in the comer region is characterised by a values 
from 1 to a (< ®).
If the current passed through the strips is of such a magnitude 
that the ^eak magnetic field well within the p;an is < H 1 , with
Hd  ”
1 ~ > 7T (i.e. there is only local flux penetration restrictedcF 0.3143a
to the corner region), then field changes in a t5.me interval dt of 
a cycle of alternation of the current are attributed to the reversal 
of the critical current flowing between contours such as BC (figure 4.1) 
characterised by a and a + da.
imposed as in the Bean-London type of model, by ascribing a
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4.2. Application of the model
In Appendix 4 the model is used to predict, for the case of
Hci
j _ > -v- •"■■■- , hew much the waveform of a voltage induced in a pick-
CJr • oj.t o 3
up coil at a point P(x , 0) (see figure 4.1), where x <0, might be
P P
expected to deoend on the value of x . It is there concluded that thep
distortion due to ed<?e effects of the waveforms for values of H < H .o cl
(H^ is the peak magnetic field well inside the gap between the strips) 
where there is only local flux penetration restricted to the corner 
regions, and for values of Hq > H ^ where the flux penetrates to
furthest distances from the mid-plane between the strips over the
whole width of each strip, becomes more noticeable as the magnitude
of x is decreased i.e. the closer the nick-u^ coil is to the edp:es
P
of the pair of strips, as would have been expected. Also, for the
waveforms to contain no information about edge effects, the conditions
|x I >> --*—  and !x I »  ------ have to be satisfied for values of
F w ' p ir
Hq < and > H ^ respectively. For all the experiments reported in
this thesis, 2a was < 0.2 mm and the values of yQ - a had to be
< 130 pm (the thickness of the strips used). Therefore for experimentally
observed waveforms to have had no information about edge effects, the
conditions Ix I >> 0.09 mm and Ixl >> 0.21 mm had to have been
P P
satisfied for values of HQ < H ^ and > Hc^ respectively.
4.3. Experimental observation of edge effects
According to the conclusions in the previous section, the nearer 
a pick-up coil, which has its axis in the mid-plane between the strips,
is to the edges of the strips the more noticeable is the distortion
due to edge effects of the waveform of the voltage induced in the coil. 
Thus experiments were devised to record the waveform of the voltage
-  82 -
induced in a very small pick-up coil, which had its axis in the mid- 
plane between the strips, when it was as close as possible to the edges 
of the strips and when it was at positions remote from the strips.
The pick-up coil used to investigate edge effects together with 
the method of its movement has been described in subsection 2,2.3, the 
coil having been referred to as coil A. The position of coil A 
relative to the strip pair was adjusted at room temperature as described 
in subsection 2.2.3 so that the coil's axis was in the mid-plane 
between the specimen strips at all positions of the coil. Hie helipot 
dial operating the gear and worm drive, which was used for moving 
coil A (see subsection 2.2.3), was calibrated for coil position by 
means of a travelling microscope. After this preliminary procedure, 
the coil was moved to a position as close as possible to the edges of 
the specimen strips. With coil A in this adjacent position, the wave- 
forms of the vejtages induced in the coil for various amplitudes of the 
current in the strips, at 120 Hz, were compensated as described in 
subsection 2.3.2, and these compensated waveforms were recorded on the 
X-Y plotter as described in subsection 2.3.3. This was repeated with 
the coil at other positions. The compensation had to be readjusted
for each separate ppsition of the coil.
Figures 4.4 and 4.5 show the compensated waveforms when the end 
windings of coil A were 0.04, 0.94 and 2.10 mm (approximate at 4.2°K) 
from the edges of specimen NEW/E/smoother (see subsection 2.7.2). The
width of the specimen was 2.52 ± 0.02 mm., and the average spacer
thickness was 0.117 mm having been determined as described in section
2.4. The amplitudes of the current in the specimen strips were the same 
for all positions of the coil and the .bandwidth of the detecting 
electronics was kept constant at 1 Hz •> 5KHz for all positions of the coil.
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Figure 4.4 C o mp ens at ed wave for ms of the vo ltages induced in p i c k - u p  coil A  
w h e n  the end wi nd ing s of the coil w e re (a) 0. 04 m m  an d (b) 0.94 
m m  f r o m  the edges of specimen N E W / E / s m o o t h e r . A v e r a g e  spacer 
thickness = 0.117 mm, frequency = 120 Hz, b a n d w i d t h  of d e t e c t i n g  
electronics = 1 Hz -> 5 KHz. The wave for ms are l a b e l l e d  b y  the 
va lu es of the RMS current in the specimen strips.
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Figure 4.5 Compensated waveforms of the voltages induced in pick-up coil A 
when the end windings of the coil were 2.10 mm from the edges 
of specimen NEW/E/smoother. Average spacer thickness = 0.117 mm, 
frequency = 120 Hz, bandwidth of detecting electronics = 1 Hz -*• 
5 KHz. The waveforms are labelled by the values of the RMS 
current in the specimen strips.
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The axis of the coil, when it was adjacent to the specimen, was seen 
to be on a plane slightly displaced from the mid-plane between the 
strips. As the coil was moved away from the specimen the voltage 
signal amplitude decreased and therefore the noise on the waveforms 
increased as can be seen in figures *+.4- and 4.5. The shapes of the 
higher current waveforms altered on moving the coil from 0.04 mm to 
0.94 mm from the specimen (see figure 4.4). Two noticeable differences 
in the shapes were obtained:
(a) There was a difference in the slopes at the start of each half 
cycle of waveform.
(b) At 0.04 mm from the specimen, part of a third peak appeared 
between the usual too peaks per half cycle of waveform.
No noticeable change was observed in the shape of the waveforms on 
moving the coil from 0.94 mm to 2.10 mm from the specimen (see figures 
4.4(b) and 4.5).
These results show that distortion due to edge effects of the 
waveforms did occur when the coil was 0.04 mm from the specimen, 
while for the other positions of the coil the waveforms contained 
no information about edge effects.
Figure 4.6 similarly shows differing compensated waveforms at 
0.04 mm and 0.85 mm from the same specimen, but with a spacer of 
average thickness 0.152 mm and better alignment of coil A.
No change was observed in the shape of the compensated waveforms 
on moving coil A from the edges of the other specimens described in 
subsection 2.7.2 (which were used in the experiments reported in Chapters 
5 and 6). However, the adjacent positions of the coil were not as
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Figure 4.6 Compensated waveforms of the voltages induced in pick-up coil A 
when the end windings of the coil were (a) 0.04 mm and (b) 0.85 
mm from the edges of specimen NEW/E/smoother. Average spacer 
thickness = 0.152 mm, frequency = 120 Hz, bandwidth of detecting 
electronics = 1 Hz -* 5 KHz. The waveforms are labelled by the 
values of the RMS current in the specimen strips.
- 87 -
close as would have been desirable, mainly due to the difficulty in 
making the edge of the spacer flush with the edges of the strips. 
Nevertheless., the end windings of the coil in its adjacent positions 
to the specimens were < 0.20 mm from the edges of the specimens, 
which suggests that flux penetration at the corners did not grossly
Hol
exceed what was envisaged in the model with jcp > q"T l43a ^see 
previous section).
4.4, The magnetic field well inside the gap between the strips
From the experimental observations, described in the previous
section, it can be concluded that edge effects are not negligible.
Therefore the peak magnetic field, H , well inside the gap between theo
strips (surface field amplitude) is related to the peak current, 1^  ,
in the strips not by equation (2.4), Hq = , where 2c is the width
I
of the strip pair, but by H^(l + <5) = where 5 is a correction factor 
which accounts for current spreading over the edges and outer surfaces 
of the strips. An analytical derivation of 6 is given in Appendix 5 
for Hq < Hc .^ The derived expression for 6 can be considered a good 
approximation for > Hc .^
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CHAPTER 5
FL U X PENETRATION IN FROM THE INNER SURFACES OF PAIRS OF 
SPECIMEN STRIPS, FAR FROM THE EDGES OF THE STRIPS
The flux penetration in from the inner surfaces of pairs of 
current-carrying specimen strips, far from the edges of the strips, 
has been investigated for various conditions of the bulk and inner 
surfaces of the strips. Compensated waveforms, corresponding to the 
time rate of change of this flux, of the voltages induced in a nearby 
pick-up coil are presented. The corresponding AC losses are estimated 
from some of these waveforms. The results are then used to make a 
quantitative test of theory, proposed by Melville *, which attributes 
low level A.C. loss in type II superconductors to surface roughness 
combined with flux pinning by defects within the peaks of the surface, 
and of an extension of the calculations based on this theory dealing 
with flux penetration into the region below the surface roughness.
5.1. The experimental results
5.1.1. The time rate of change of flux
Table 5.1 lists the specimens used together with the corresponding 
values of 2c, the specimen width, and 2a, the average spacer thickness; 
2a having been determined as described in section 2.4. The treatment 
of the bulk and inner surfaces of the strips has been described in 
subsection 2.7.2, and the results of the examination of the physical 
state of the strips have been reported in Chapter 3.
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TABLE 5.1
Specimen
Width of the 
specimen 
(2c) (mm)
Average spacer 
thickness 
(2a) (mm)
NEW/rougher 2.71 ± 0.02 0.156
NEW/smoother 3.11 + 0.03 0.089
NEW/electr 2.52 ± 0.02 0.062
NEW/abraded 2.58 ± 0.02 0.065
NEW/electr/anneal 2.71 ±0.02 0.103
OLD 2.67 ± 0.02 0.136
The pick-up coil used to investigate the time rate of change 
flux, d<J>/dt, penetrating in from the inner surfaces of the strips, far 
from the edges of the strips, has been described in subsection 2.2.3 
where it was referred to as coil B. The distance between the end 
windings of coil B and the edges of the specimens was always > 4 ran, 
satisfying the conditions for the waveforms recorded by the coil to 
have had no information about edge effects (see sections 4.2 and 4.3).
The waveforms of the voltages induced in coil D for various 
amplitudes of the current in the strips up to just below the maximum 
attainable, at either 30 Hz or 120 Hz, were compensated as described in 
subsection 2.3.2, and these compensated waveforms were recorded on the 
X-Y plotter as described in subsection 2.3.3. The corresponding 
Uncompensated waveforms were then recorded on the X-Y plotter.
Figures 5.1 5.12 show in sets compensated and uncompensated
waveforms for the six specimens listed in table 5.1 at 120 Hz.
%
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The bandwidth of the detecting electronics was 1 Hz *>• 5 KHz and 
1 Hz -*■ 10 KHz for the compensated and uncompensated waveforms respecti­
vely. Figures 5.13 5.20 show in sets compensated and uncompensated
waveforms for some of these specimens at 30 Hz. The bandwidth of the 
detecting electronics was 1 Hz + 1.3 KHz and 1 Hz -*■ 10 KHz for the 
compensated and uncompensated waveforms respectively. All the waveforms 
are labelled by the values of the surface field amplitude, H , which 
have been corrected to account for edge effects (see section 4.4). The 
values of d(j>/dt for the compensated waveforms have been calculated 
losing the method described in section 2.1. H ^ for specimen NEW/ 
electr/anneal and for the other specimens can be taken as 0.07 T and 
0.14 T respectively (see subsection 5.2.2), which correspond to values 
for H^ of 5.57 x k A Am'*1 and 11.14 x k A  Am™1 respectively.
By comparing the compensated waveforms at 120 Hz and at 30 Hz 
for each specimen, no significant difference can be found either in 
the shapes of the waveforms (apart from high frequency distortion in 
some of the waveforms at 30 Hz) or in the values of dd/d(wt) at 
corresponding values of H Q (w = 2irf, where f is the frequency). Therefore, 
it can be concluded that there were no frequency dependent effects in 
the specimen strips in going from 30 Hz to 120 Hz and that the super­
conducting niobium went through quasi-static states at 30 Hz and 
120 Hz.
The compensated waveforms for all the specimens had double 
peaks per half cycle of waveform at the higher values of HQ, as 
observed for superconducting niobium by, for example, Buchhold 60,
Easson and Hlawiczka 73, and Penczynski 7I+. The compensated wave­
forms for all the specimens except possibly specimen NEW/abraded 
had single peaks per half cycle of waveform at the lower values of
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Figure 5.1 (a) and (b) Compensated waveforms of the voltages induced in
pick-up coil B for specimen NEW/rougher; frequency = 120 Hz. 
The waveforms are labelled by the values of the surface field 
amplitude, Hq .
Figure 5.2 Waveforms of the voltages induced in pick-up coil B for specimen 
NEW/rougher; frequency = 120 Hz. The waveforms are labelled by 
the values of the surface field amplitude, Hq. (a) Compensated; 
(b) uncompensated.
l i i i l i i l i ln i l l i i i i l i i i l . i i i i l in h l iu
Figure 5.3 (a) and (b) Compensated waveforms of the voltages induced in
pick-up coil B for specimen NEW/smoother; frequency = 120 Hz. 
The waveforms are labelled by the values of the surface field 
amplitude, Hq .
Figure 5.4 Uncompensated waveforms of the voltages induced in pick-up 
coil B for specimen NEW/smoother; frequency = 120 Hz. The 
waveforms are labelled by the values of the surface field 
amplitude, Hq.
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Figure 5.5 (a) and (b) Compensated waveforms of the voltages induced in
pick-up coil B for specimen NEW/electr; frequency = 120 Hz. 
The waveforms are labelled by the values of the surface field 
amplitude, Hq.
Figure 5.6 Waveforms of the voltages induced in pick-up coil B for specimen 
NEW/electr; frequency = 120 Hz. The waveforms are labelled by 
the values of the surface field amplitude, Hq. (a) Compensated;
(b) uncompensated.
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Figure 5.7 (a) and (b) Compensated waveforms of the voltages induced in
pick-up coil B for specimen NEW/abraded; frequency = 120 Hz. 
The waveforms are labelled by the values of the surface field 
amplitude, Hq.
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Figure 5.8 Waveforms of the voltages induced in pick-up coil B for specimen 
NEW/abraded; frequency = 120 Hz. The waveforms are labelled by 
the values of the surface field amplitude, H^. (a) Compensated; 
(b) uncompensated.
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inFigure 5.9 (a) and (b) Compensated waveforms of the voltages induced
pick-up coil B for specimen NEW/electr/anneal; frequency = 120 Hz, 
The waveforms are labelled by the values of the surface field
amplitude, Hq.
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Figure 5,10 Waveforms of the voltages induced in pick-up coil B for specimen 
NEW/electr/anneal; frequency = 120 Hz. The waveforms are labelled 
by the values of the surface field amplitude, Hq. (a) Compen­
sated; (b) uncompensated.
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Figure 5,11 (a) and (b) C o m p e n s a t e d  wa veforms of the voltages i n du ced
in pi ck -up coil B for specimen OLD; frequency = 120 Hz. .The 
wa veforms are labelled b y  the values of the su rface fi el d 
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Figure 5.12 Uncompensated waveforms of the voltages induced in pick-up 
coil B for specimen OLD; frequency = 120 Hz. The waveforms 
are labelled by the values of the surface field amplitude, Hq.
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Figure 5.13 (a) and (b) Co mp ens at ed waveforms of the vo l t a g e s  i n d u c e d  in
p i ck -up coil B for specimen NEW/rougher; f r e q u e n c y  = 30 Hz. 
The w a ve for ms are labelled by the values of the s u r f a c e  field
amplitude, Hq.
Figure 5.14 Uncompensated waveforms of the yoltages induced in pick-up 
coil B for specimen NEW/rougher; frequency = 30 Hz. The 
waveforms are labelled by the values of the surface field 
amplitude, Hq.
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Figure 5.15 (a) and (b) Compensated waveforms of the voltages induced in
pick-up coil B for specimen NEW/abraded; frequency = 30 Hz. 
The waveforms are labelled by the values of the surface field 
amplitude, Hq.
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Figure 5.16 Waveforms of the voltages induced in pick-up coil B for specimen 
NEW/abraded; frequency = 30 Hz. The waveforms are labelled by 
the values of the surface field amplitude, Hq. (a) Compensated; 
(b) uncompensated.
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Figure 5.17 (a) and (b) Compensated waveforms of the voltages induced in
pick-up coil B for specimen NEW/electr/anneal; frequency - 30 
The waveforms are labelled by the values of the surface field 
amplitude, Hq.
Hz.
Figure 5.18 Uncompensated waveforms of the voltages induced in pick-up 
coil B for specimen NEW/electr/anneal; frequency = 30 Hz.
The waveforms are labelled by the values of the surface field 
amplitude, Hq.
Figure 5.19 (a) and (b) Compensated waveforms of the voltages induced in
pick-up coil B for specimen OLD; frequency = 30 Hz. The 
waveforms are labelled by the values of the surface field 
amplitude, Hq.
Figure 5.20 Uncompensated waveforms of the voltages induced in pick-up
coil B for specimen OLD; frequency = 30 Hz. The waveforms are 
labelled by the values of the surface field amplitude, H^.
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H^, as observed for superconducting niobium by3 for example9 Buchhold 60.
The single peaks were dominant at values of HQ < H The shapes of
the waveforms for specimens NEW/rougher9 NEW/smoother and NEW/electr
were similar for values of H > H , (see figures 5.1 5.39 5.5 and
o  c l
5.6). For specimens NEW/rougher and NEW/smoother the second peak 
became smaller than the first peak at a value of H0 < H while for 
specimen NEW/electr the second peak became smaller than the first 
peak at a value of H q just > Hc .^ For specimen NEW/abraded the 
second peak was greater than the first peak at all values of H0 (see 
figures 5.7 and 5.8). For specimens NEW/electr/anneal and OLD the 
second peak was greater than the first peak at all values of H0 (see 
figures 5.9 -»■ 5.11), the ratio of the magnitude of the second peak 
to the magnitude of the first peak being greater for these specimens 
than for specimens NEW/rougher9 NEW/smoother and NEW/electr at correspon­
ding values of HQ/Hc .^ Only for specimen OLD did the phase of the 
first peak change appreciably as the value of H 0 changed3 the phase 
becoming later the lower the value of HQ. For all the specimens except 
specimen OLD the phase of the second peak either did not change as the
value of H changed or became later the lower the value of H_. For 
o 0
specimen OLD the variation of the phase of the second peak was complex
at the higher values of Hq3 but between the HQ values of 10.08 x 10^ Am-1
and 9.04 x 10^ Am-1 there was an abrupt change in the phase of the
second peak (see figure 5.11(a)). For specimen NEW/abraded the phases
of the first and second peaks were respectively later and earlier than
the phases of the first and second peaks for the other specimens at
corresponding values of H /H , (except for specimen OLD at the lower
o  cl
values of H ).
o
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5.1.2. The corresponding A.C. losses
If the motion of the flux, <•>, in the specimen strips is assumed 
to be hysteretic, then <J> will become stationary and d£/dt will become 
zero when the surface field, H = Hq c o s wt, peaks. Using this criterion 
the A.C. losses were calculated from the compensated waveforms. The 
range 0 < ojt < it for a compensated waveform was divided into m equal 
parts and the loss per cycle per unit area of surface, L(= i Hd$)a
Figure 5.21(a) shows L plotted against HQ for the specimens listed 
in table 5.1 at values of Hq where double peaks per half cycle of wave­
form were dominant. The values of L were calculated from the compen­
sated waveforms at 120 Hz and m was always 18. This method does 
give the correct magnitudes of the losses as can be seen by comparing 
the loss curve obtained by Easson and Hlawiczka 73 on as-rolled 
127 ym thick Kawecki-Billiton niobium foil, the curve being reproduced 
in figure 5.21(a). Although this method only gives approximate values 
of the losses, it does however enable one to obtain a relative 
impression of the losses. The losses for specimen NEW/rougher were 
larger than those for specimen NEW/smoother, while both were larger 
than those for specimen NEW/electr. The losses for specimen NEW/
was found:
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abraded were larger than those for specimen NEW/rougher for values
of H < H ,, but for values of H > H , the losses of specimen NEW/ o cl o cl
abraded were either of similar magnitude to or smaller than those for 
specimen NEW/rougher. The losses for specimen OLD were either of 
similar magnitude to or larger than those for specimen NEW/rougher.
The losses and the variation of the loss with Hq were larger for 
specimen NEW/electr/anneal than for the other specimens.
5.2. The method of comparing the experimental results with theory
Melville 1 has formulated a theory of low level A.C. loss in 
type II superconductors 3 the loss being attributed to surface rough­
ness combined with flux pinning by defects within the peaks of the 
surface. This theory has been described in section 1.5. The experi­
mental results were used to make a quantitative test of this theory and 
of an extension of the calculations based on this theory dealing with 
flux penetration into the region below the surface roughness.
5.2.1. The equations for flux penetration into the superconductor
In the Melville theory 1 the basic equation describing flux pene­
tration in the region of surface roughness in the presence of pinning 
is given by equation (1 .6):
which B would be in equilibrium in the bulk of the reversible supercon­
ductor, A(=A(x)) is the proportion of a plane at depth x in the region 
of surface roughness occupied by superconductor (x = 0 at the highest
dB _
dx
(5.1)
eiux
where B is the local^densitys H ^ v(B) is the external magnetic field in
- 115 -
peak in the surface) and J (B) is a critical current density relatedcs
to the pinning force on a unit length of the fluxon - ’line of force1
system, F^(B,A) 9 by:
A J (B) =
cs
for a fairly homogeneous distribution of pinning centres within the 
peaks.
For A = 1, equation (5.1) reduces to:
dB _ - 1i0Jcs^B  ^ . .
dx dH (B) ( *rev
y0 dB
If either the pinning model of Silcox and Rollins 30531 
(J a B^1) or the pinning model of Irie and Yamafuji (J . c? B: Y where
OS OS
y is a constant with 0 < y < 1) are used in equation (5.1), then
-*P- = « at B = 0. To avoid the aopearance of these infinities in ,dx -A dx
Melville 1 has combined the Irie-Yamafuji model 3I+ with the pinning 
model of Kim, Hempstead and Stmad 27s32 and Anderson 33 (J a (B+Bn) 1
cs
where is a constant) and writing:
= K(ID I + C) (5.3)0 cs
where K, C and n are constants with 0 < n < 1.
A suitable approximation for Hrev is given by Melville 75 as:
Hrev(B) = qfp (Hcl
B V*
*0 4
H , + Z
where Z and v are constants with v > 1,
(5.4)
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Using the condition that u H = B at B = u H o9 one obtains from0 rev 0 c2
equation (5.4-):
£ c2 cl
For a type II superconductor: 
■Hc2 H 2
MdH = (5.5)
rev 2
0
where M (the magnetization) = — —  H . Using equations (5.4) and
yQ rev
(5.5) one obtains:
H 2-H 2
V = ----— ---5------ (5.6)
Hc22+Hc2-2HclHc2
To simplify the above equations the following reduced co-ordinates 
are introduced:
b ' d b  = f  • Where e2 = V c 2 »0 c2 2
and n = 5 where x is the deoth of surface roughnessx mm
Equation (5.4) in reduced co-ordinates is:
W0“»v =-|ft fci+(B2 - (5-7)
where 3 = y H . .
1 0 cl
From equation (5.7)
u dH (B) yn dH (B) . H ,revv rev /. Hi ,v-l
 dB 17 db 11 - — iv|b
Therefore equation (5.1) becomes in reduced co-ordinates:
dA b 
dn lib
db
dn
re
-2
t +li- -1 'H
AKxm
n+1 (|b|+c)
-n
1-A 1-11- -ri|v|b|V_1
(5.8)
where c =
Let ~ ~  = a and
Kxm
n+1
= S
Therefore equation (5.8) becomes
db
dA
dnl" {~PbT “k| ± AS( [b|+c) n
l-A|l-(l-a)v|b|v“1J
(5.9)
For depths equal to or greater than the depth of surface roughness, it 
is assumed that the equation describing flux penetration is given by 
equation (5.2). Using the expressions for J (B) and H (B) given b}?-
CS 3?GV
equations (5.3) and (5.7) respectively, equation (5.2) becomes:
dB _ - K([B1+C) 
dx “ ( a.'j
1- -3-  v|b|
-n
v-1
-n
or db _ - S([b1+c)
dn /. \ . u iv-l(l-a)v(b j
(5.10)
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5.2.2. The values of H^, Hc2 and Hc for the specimen strips
For the specimen strips with the bulk in the as-received state, 
HqHc1 and were taken to be 0.14 T and 0.4 T respectively at
4.2°K, as assumed by Melville 1 for cold worked niobium, while 4qHc 
was determined in the following way. Hc is related to H ^Y 5:
Hc2
Hc = m  (5-u )
where k is the Ginzburg-Landau dimensionless parameter, k can be 
found from figure 3.2 of reference 13, giving h ^  as a function of 
k where:
hc i s 7 § -  {5'12)C
Equations (5.11) and (5.12) give:
Hcl . /2Hchcl _ hcl 
H c 2 ’ ’ *
h cl
From figure 3.2 of reference 13, --- = 0.35 when k  = 1.4 (for one
k
flux quantum per fluxon). Therefore from equation (5.11),
0 4
^0Hc = 72x17*4 = °’2 Equation (5.6) gives for these values of H
H 0 and H a value of 1.36 for v. c2 c
As mentioned in subsection 2.7.2, a microprobe analysis of the 
specimen strips forming specimen NEW/electr/anneal shewed that just 
below the electropolished surfaces there was 0.5 ± 0.3 atomic % oxygen 
and < 0.3 atomic % nitrogen. From the way the specimen strips had been 
annealed (see subsection 2.7.2), it was concluded that it could be
- 119 -
assumed that the concentrations of oxygen and nitrogen in the bulk of
the strips were the same as the concentrations found just below the
electropolished surfaces. For simplicity, it was assumed that the
strips contained 0.5 atomic % oxygen uniformly distributed throughout
the strips and no nitrogen. With these assumptions, values of
y.H n * 0.07 T, y H « == 0.6 T and ynH * 0.14 T at 4.2°K were derived 0 cl 0 c2 0 c
from the results of de Sorbo 76 and Koch, Scarbrough and Kroeger 77,
who have studied the effect of dissolved oxygen on the superconducting
properties of annealed niobium. Equation (5.6) gives for these values
of H .. H . and H a value of 1.15 for v.cl' c2 c
5,2.3. The method used in obtaining solutions of the flux
penetration equations
To obtain solutions of the flux penetration equations, equations 
(5.9) and (5.10), it was necessary to use numerical integration.
HIt was assumed that at n = 0, b = ——  where H, the external
c2
magnetic field, = H^ccs wt = H q cos 0. The b - n profiles through the 
surface and bulk regions were found for 0 values, 0, 0 ...
the b - ri profile for 0 = 0 being the first to be found.
For each 0 value, b(6q), where is the step size, was first calculated:
b(6n) = b(0) + 6n ™dn
db
dn
was evaluated with b = b(0) and n = <5n 't0 ensure that b(5n) did
with b = b(6n) and n = <$n was then evaluated and0 dbnot equal b (0 ) .
6n
used *;ith the value of b(0) to calculate b(26n)s and this was continued 
through the surface and bulk regions, the basic equation being:
b (n ? + <5n) = b(n* -  <$n) + 26n
- 1 2 0  -
The area b6n for each 0 value was then found. When b became
zero for 0 = 0 , the corresponding value of ri was taken as the furthest
depth of flux penetration in reduced co-ordinates 9 n .
P
<36
The rate of change of flux m  the superconductor, ^  , was 
given by:
d.
d<> , j
dt dt
Ddx 6 (
= y.H 0x to —  c2 m
b5p)
66
Therefore at phase 0 = Gr)
d^p „
dt ” ^0 c2xmW
dt
was given by:
I**
/» >
b6n
J *
1
u
o HG 1 r-1
0 - 0 . r r-1
The loss per cycle per unit area of surface, <>HdcJ>, was given by:
(5.13)
f a  = 2^0Ho2X4J vr=l
cos 0 , + cos 0r-1 r (fb^ ) |e r . - ( / bfiTl)|0r  }
where 0 = 0  and’ 0„ = it.
0 n (5.14)
The numerical integration was performed using a ’BASIC’ programme 
on a NOVA computer. Because the storage space of the computer was 
not very large the number of steps used in the integration between 
n = 0 and n = n had to be < 200. Consequently, 100 steps were usually 
taken between n = 0 and n = 1 with the step size being usually increased 
between n = 1 and r\ = n .
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5.2.4. The procedure used in obtaining the computed results
The procedure used in obtaining computed d<f>/dt waveforms for 
comparison with the experimental d$/dt waveforms for a specimen, at 
120 Hz9 will now be described.
The value used for xm was that given in table 3.1, the expression
and Hc were those given in subsection 5.2.2. K --
used for A was that given in table 3.2 and the values of H^, Hc2
9 which
appears in the pinning equation, equation (5.3), was assumed to be a 
constant at all depths from the highest peak in the surface (ri = 0). 
c was made very small, being put equal to 0.001 which was the value 
used by Melville 1 . For a value of Hq equal to the highest value 
of Hq used experimentally, a value of S was found for n = 0 (Bean- 
London pinning 25328*29) which gave a d<j)/dt waveform with a second 
peak of approximately the same magnitude as that of the second peak 
of the experimental d$/dt waveform. This was repeated for n = 1 
(giving similar pinning to the model of Silcox and Rollins 30*31).
These values of S and n were then used to compute d<J>/dt waveforms for 
a few lower experimental values of Hq, and the magnitudes of the second 
peaks of these x^aveforms were compared with the magnitudes of the 
second peaks of the experimental d<f>/dt waveforms. The values of S and 
n which gave the best comparison were used to compute d<j>/dt waveforms 
for all of the experimental values of Hq, The corresponding furthest 
depths of flux penetration in reduced co-ordinates, were obtained, 
and the corresponding losses per cycle per unit area of surface were 
obtained from equation (5.14).
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5.3. The computed results
Figures 5.22 5.27 show the computed d$/dt waveforms, obtained
using the procedure described in subsection 5.2.4, for the six specimens 
listed in table 5.1; 0 - was usually tt/33. Each of the figures
also shows b - r\ profiles for a particular value of Hq ; 0^ was
tt/15. Table 5.2 gives the values of the parameters in the pinning equations 
equation (5.3), used in the determination of the computed d£/dt wave­
forms. Figure 5.21(b) shows the computed loss per cycle per unit area
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of surface plotted against for the specimens, and figure 5.28 shews the 
computed furthest depth of flux penetration, x = xjJJ’ •np s plotted against
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Figure 5.22 (a) The computed d<f>/dt waveforms for specimen NEW/rougher for
surface fields H = H cos (240irt) . The waveforms are labelled
o
by the values of Hq. The experimental dcj)/dt waveforms for
this specimen at 120 Hz are shown in figures 5.1 and 5.2(a)
(b) The flux distributions within the superconductor for the
4 -Icomputed d<{>/dt waveform in (a) at Hq = 13.98 x 10 Am •
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Figure 5.23 (a) The computed d<f>/dt waveforms for specimen NEW/smoother for
surface fields H = H cos (2407ft), The waveforms are labelledo
by the values of Hq. The experimental d<f>/dt waveforms for
this specimen at 120 Hz are shown in figure 5.3.
(b) The flux distributions within the superconductor for the
4 -1computed d<}>/dt waveform in (a) at H = 13.19 x 10 Am
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Figure 5.24 (a) The computed d<f>/dt waveforms for specimen NEW/electr for
surface fields H = H cos (240irt). The waveforms are labelled
o
by the values of H . The experimental d<|>/dt waveforms for 
this specimen at 120 Hz are shown in figures 5.5 and 5.6(a).
(b) The flux distributions within the superconductor for the
4 -1computed d<j>/dt waveform in (a) at H = 14.80 x 10 Am
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Figure 5.25 (a) The computed d<j)/dt waveforms for specimen NEW/abraded for
surface fields H = H cos(240nt). The waveforms are labelled
o
by the values of H . The experimental d<|>/dt waveforms for
o
this specimen at 120 Hz are shown in figures 5.7 and 5.8(a).
(b) The flux distributions within the superconductor for the
4 -1computed dd>/dt waveform in (a) at H = 15.19 x 10 Am .. o
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Figure 5.26 (a) The computed d<f>/dt waveforms for specimen NEW/electr/anneal
for surface fields H = H cos(2407rt). The waveforms areo
labelled by the values of Hq. The experimental d<J>/dt wave­
forms for this specimen at 120 Hz are shown in figures 5.9 
and 5.10(a).
(b) The flux distributions within the superconductor for the
4 -1
computed d<f>/dt waveform in (a) at Hq = 6.25 x 10 Am .
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.27 (a) The computed d<J>/dt waveforms for specimen OLD for surface
fields H = H cos(2407rt). The waveforms are labelled by the 
o
values of Hq. The experimental d<J>/dt waveforms for this
specimen at 120 Hz are shown in figure 5.11.
(b) The flux distributions within the superconductor for the
4 - 1computed d(J>/dt waveform in (a) at H = 11.94 x 10 Am
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Figure 5.28 The computed furthest depth of fl ux penetration, x^, p l o t t e d
against the surface field amplitude, H q , for the spec ime ns
listed in table 5.1. H ^ C i )  = for sp ecimen N E W / e l e c t r /
anneal; H - (ii) = H , for the o t h e r  specimens, x is the ave- cl cl m
rage depth of surface roughness (see table 3.1).
H for the specimens; the values of x^ are'shewn in table 3.1.
Figure 5.28 shows that for all the specimens except specimen
NEW/abraded the theory predicted flux penetration to a depth - x^
for H = H ., and for specimen NEW/abraded the theory predicted flux 
0  C J L
penetration to depths < x^ for all the values of HQ > H Since 
there was such a difference, the computed results for specimen NEW/ 
abraded will be described separately.
(a) The computed results for all the specimens except specimen NEW/ 
abraded.
The computed d$/dt waveforms had at values of HQ < Hcl double
peaks ('peaks 1') per half cycle of waveform, associated with flux
penetration into the surface roughness 9 and did not have at the low
values of H q the single peaks per half cycle of waveform that were
observed experimentally. At HQ other double peaks ('peaks 2*)
started to appear, the flux starting to penetrate into the region
below the surface roughness. 'Peaks 2? were dominant at higher values
of H where deeper flux penetration occurred. There was a clear 
o
distinction between ’peaks 1’ and 'peaks 2’ at values of H0  ^H
Such a distinction was not apparent in the experimental d$/dt waveforms
except possibly in those for specimen OLD (see figure 5.11(a)). At
low and high values of Hq, the values of d(J>/dt at zero magnetic field
were almost zero, in disagreement with experiment. For each specimen,
at values of H where 'peaks 2' were dominant, the phase of the second 
o
peak became later the lower the value of H q, in fairly good agreement
with experiment, while the phase of the first peak became earlier the
lower the value of H , in not very good agreement with experiment. The
o
phases of these first and second peaks were respectively earlier and
- 131 -
later than those observed experimentally. At the highest value of HQ 
for each specimen except specimen NEW/electr, the ratio of the magnitude 
of the first peak to the magnitude of the second peak was similar to 
the experimental ratio. However, at values of HQ where 'peaks 2* were 
dominant, the best agreement between the magnitudes of the computed 
and experimental second peaks was obtained for specimen NEW/electr.
Table 5.2 shows that for specimens NEW/rougher and NEW/smcother 
n = 0, giving similar values of Jcg independent of B. For the other 
specimens n = 1, giving values of Jcg dependent on B. The pinning 
forces for specimens OLD and NEW/electr/anneal were respectively ^ 15 
and 'v 45 times smaller than the pinning force for specimen NEW/electr.
Figure 5.21 shows that for these five specimens there was at the 
higher values of approximate agreement between the computed losses 
and the experimental losses. At Hq - Hc ,^ there was an abrupt change 
in the slopes of the computed loss curves for these five specimens, 
in disagreement with the experimental loss curves.
(b) The computed results for specimen NEW/abraded.
The computed d$/dt waveforms (figure 5.25(a)) had at all the
values of H double peaks per half cycle of waveform, associated with 
o
flux penetration only into the surface roughness. At the highest value
of H , the ratio of the magnitude of the first peak to the magnitude 
o
of the second peak was very similar to the experimental ratio. At 
lower values of H^, the magnitudes of the first and second peaks were 
larger than those observed experimentally. At all the values of HQ , the 
magnitudes of d<J>/dt at zero magnetic field were not as large as those 
observed experimentally. The phases of the first and second peaks 
were approximately the same as those observed experimentally, and
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did not change as the value of Hq was changed in agreement with 
experiment.
Table 5.2 shows that for this specimen n = 1, giving a value 
of J dependent on B. The pinning force for this specimen was ^ 11
OS
times larger than the pinning force for specimen NEW/electr.
Figure 5.21 shows that for this specimen the computed losses 
were approximately the same as the experimental losses.
5.4. Discussion
5.4.1. The critical current densities
It was shown in section 3.3 that at all the examined depths 
from the inner surfaces of specimens NEW/rougher and NEW/smoother 
there was a dislocation cell structure, known to be a main source of 
pinning in cold worked niobium 110 s1*1. However, at a depth 0 ym from 
the inner surfaces of specimen NEW/rougher there was evidence of a 
fibrous structure produced by the rolling process (see figure 3.13).
It has been shown by, for example, Campbell and Evetts 39 that in 
heavily deformed type II superconductors a thin surface layer can support 
greater -current densities than the bulk as a result of severe near 
surface deformation. Therefore it would be expected that for specimen 
NEW/rougher a thin surface layer, with the uncharacteristic structure 
observed at depth 0 ym from its inner surfaces, would have been 
supporting greater current densities than the bulk.
In preparing the specimen strips for specimen NEW/electr, the face of 
the NEW niobium tape with the ’smoother1 surface had been electropolished, 
resulting in the removal of ^ 9 ym of material (see subsection 2.7.2).
Since the dislocation structures at depths 5 ±'2 ym and 60 ± 2 ym from the 
inner surfaces of specimen NEW/smoother (see figures 3.11 and 3.12) were
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similar, an uncharacteristic structure;near the inner surfaces of specimen 
NEW/electr would not be expected. Therefore the fact that the relation­
ships between Jcg and B for specimens NEW/rougher and NEW/electr were 
completely different (see table 5.2) is further evidence for there 
having been an uncharacteristic structure near the inner surfaces of 
specimen NEW/rougher.
Table 5.2 shews that the relationships between J and B forcs
specimens NEW/rougher and NEW/smoother were very similar. This 
indicates that there may have been an uncharacteristic structure, 
produced by the rolling process3 near the inner surfaces of specimen 
NEW/smoother., even though the limited study of the structure at depth 
0 ym from the inner surfaces of specimen NEW/smoother did not reveal 
an uncharacteristic structure (see figure 3.10).
The pinning force for specimen OLD was found to be 15 times 
smaller than the pinning force for specimen NEW/electr (see table 5.2). 
This large difference in the pinning force cannot be attributed to a 
difference in the impurity content of the specimens since the analyses 
of the OLD and NEW niobium tapes (see subsection 2.7.1) showed the 
impurity content of the tapes to be very similar. Also, it cannot be 
attributed to a difference in the dislocation cell structure of the 
specimens since it was shown in section 3.3 that the dislocation cell 
structure of specimen OLD was very similar to the dislocation cell 
structures of specimen NEW/rougher and NEW/smoother. However, Vinnikov, 
Zharikov, Kopetskii and Shiyanova 1+3 have found that in niobium annealed 
at temperatures of 800°C-1000°C in a very good vacuum the critical 
current density, for a given value of the magnetic field, increases with 
decreasing grain size. Such a dependence of critical current density 
on grain size would also be ejected for cold rolled niobium (van Gurp
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has observed pinning by grain boundaries in cold rolled niobium). 
Therefore the large difference between the pinning force of specimen 
OLD and the pinning force of specimen NEW/electr can most probably 
be attributed to the difference in their grain sizes, the grains, in 
a plane parallel to the faces of the strips, being much larger in 
specimen OLD than in specimen NEW/electr (see figures 3.9(a) and (b)).
Flux pinning in specimen NEW/electr/anneal would have been 
mainly due to the grain boundaries 1+3 (the grain structure, in a 
plane parallel to the faces of the strips, being shown in figure 
3.9(c)) and the dissolved oxygen 78 ?79 (see subsection 2.7.2), the few 
dislocations in the specimen (see figure 3.16) not being very effective 
in flux pinning However, these sources of pinning cannot have
been as effective in flux pinning as dislocation cell structures since 
the pinning force in specimen NEW/electr/anneal was found to be ^ 45 
times smaller than the pinning force in specimen NEW/electr (see table
5.2), A large reduction in the pinning force of cold worked niobium 
on annealing at ^ 1000°C in a vacuum of ^ 10"5 torr has also been 
observed by, for example, Williams and Catterall 80.
A large pinning force would have been expected within the peaks
of the inner surfaces of specimen NEW/abraded. This was indeed the
case, since the pinning force in specimen NEW/abraded was found to 
be ^ 11 times larger than the pinning force in specimen NEW/electr 
(see table 5.2).
5*4.2. The computed dft/dt waveforms and A.C. losses
In deriving the computed waveforms and A.C. losses a ntfmber of
assumptions were made, some of which will be briefly discussed.
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One of the principal assumptions was that the ninning was uniform 
throughout the specimen strips. This assumption has been found to have 
not been very accurate for specimens NEW/rougher and NEW/smoother 
(see previous subsection) because of severe near surface deformation 
as a result of the rolling process. This would have also been the 
case for specimen OLD. Pinning would be expected to have been quite 
uniform for specimen NEW/electr but not for specimen NEW/abraded. For 
specimen NEW/electr/anneal there would have been a greater concen­
tration of oxygen near the surfaces than in the rest of the specimen. 
Thus, as well as altering the values of H H g and Hc near the 
surfaces 76»77, this greater concentration of oxygen near the surfaces 
would have given rise to different pinning near the surfaces 78?79.
Also for specimen NEW/electr/anneal there might have been greater 
flux pinning near the surfaces than in the rest of the specimen as a 
result of the specimen not having had many defects S5"*58.
In the Melville theory 1 it is assumed that the fluxons, as they 
thread their way in and out of the peaks in the surface, are approxi­
mately straight and point in the same direction as the applied field. 
Melville 1 suggests that this will be the case if the height of the 
humps in the surface is less than or comparable with the spacing of 
the humps. This was the case for the specimens as can be seen from 
the ’Talysurf' profiles of their inner surfaces (figures 3.1 and 3.2), 
and therefore it would be expected that the above assumption would 
have been fairly accurate for these specimens.
Also, it was assumed that above H , the effects due to thecl
surface barrier 1+11 and the surface sheath 8352 were negligible. Since 
the inner surfaces of the specimens were very much rougher than the 
London penetration depth for niobium, ^ 350 A 18, and the coherence
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length for niobium, o< 430 A , (see table 3.1), the effects due to 
the surface barrier would have been very small 47-^ 49 5n j the surface 
sheath, which is usually a fairly small effect,would have been 
diminished 81. Thus the above assumption would have been accurate for 
these specimens.
Even with these assumptions , together with the other assumptions , 
for example, that flux penetration started from zero field and that n 
in the pinning equation, equation (5.3), could only take two values,
0 or 1, the Melville theory 1 gave dp/dt waveforms and A.C. losses 
which were in reasonable agreement at the higher values of Ho with 
the experimental d<,b/dt waveforms and A.C. losses respectively. However, 
the theory did not predict the single peaks per half cycle of wave­
form that were observed experimentally at low values of H . This 
feature will be discussed in the next chapter.
CHAPTER 6
THE ANOMALOUS TIME RATE OF CHANGE OF FLUX IN THE SPECIMEN STRIPS,
FAR FROM THE EDGES OF THE STRIPS, AT LOW CURRENT AMPLITUDES
The compensated waveforms presented in the previous chapter had 
at low current amplitudes single peaks per half cycle of waveform.
In this chapter the investigation carried out to ascertain the reason 
for the appearance of these single peaks is reported.
6.1. Anomalies in the compensation procedure
If the single peaks were a result of incomplete compensation at 
the low current amplitudes, then the magnitudes of d^ >/dt between the 
double peaks at the higher current amplitudes ought to have been smaller. 
However, it was found that, for any specimen, if the waveform for a value 
of the surface field amplitude, Hq , given by H^Csay) was compensated 
in such a way that the resulting d<j>/dt waveform had a small magnitude 
of dcp/dt between the double peaks and zero d<f>/dt at the start of each half 
cycle of waveform, then parts or all of the d<j>/dt waveforms for some values 
of Hq < Hj , with the same compensation settings as for Hq = were 
of opposite sign to the d<{>/dt waveform for H0 = Hj, which cannot occur 
for correctly compensated waveforms. An example is shown in figure 6.1.
The compensation was performed here at the highest value of H0 shown, 
the resulting dcf>/dt waveform at this value of H0 having zero d(J)/dt 
between the double peaks and zero d<f>/dt at the start of each half cycle 
of waveform.
These observations indicate that the experimental d<J>/dt waveforms 
presented in the previous chapter were completely compensated waveforms, 
and that therefore the compensation procedure was not involved in 
causing the single peaks.
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Figure 6.1 Compensated waveforms of the voltages induced in pick-up coil B 
for specimen NEW/electr; frequency = 120 Hz. Width of specimen 
= 2.52 ± 0.02 mm, average spacer thickness = 0.062 mm, bandwidth 
of detecting electronics = 1 Hz 5 KHz. The waveforms are 
labelled by the values of the surface field amplitude, H^. The 
compensation was performed at the highest value of Hq shown, as 
described in the text.
6.2. The effect on the compensated waveforms of possible anomalies
in the experimental arrangement
6.2.1. Non-uniform spacer thickness
It was assumed in the previous chapter that the specimens had 
spacers of uniform thickness. However, a certain amount of non­
uniformity would have been expected. The effect on the compensated 
waveforms of a non-uniform spacer thickness has been investigated 
theoretically 71 for magnetic fields < H^, assuming that flux pene­
tration and hysteresis is determined by surface roughness, as assumed 
by Melville and that edge effects can be neglected. An account of 
this investigation is given in Appendix 6. It turns out, as shown in 
the appendix, that a lack of parallelism would have only affected the 
magnitudes of the two peaks per half cycle of waveform, expected on the 
Melville model 13 and would not have caused a third peak to appear.
6.2.2. Peak current excursions
In the experiments reported in the previous chapter, the specimens 
were cooled to U.2°K in the presence of the earth*s magnetic field, and 
before recording the waveforms the range of current available for 
measurement was determined by increasing the amplitude of the current 
in the strips until the waveform of the voltage induced in pick-up coil 
B, observed on the oscilloscope, collapsed (see section 2.6). The 
measurements of Male 82 and of Buchhold indicate the possibility 
of this initial peak current excursion being involved in causing the 
single peaks. Male 82 found in his A.C. loss measurements on copper- 
niobium composite tube samples, subject to alternating magnetic fields 
parallel to their axes, that the waveforms f .r a sample (where 
is the time rate of change of flux penetrating the surface of the
- JLH-U “
sample) had double peaks per half cycle of waveform at low field ampli­
tudes if the sample had been cooled through .its superconducting transition 
temperature in zero field and if subsequently the field was not taken 
above a certain amplitude. When the field was taken above this 
certain amplitude and then brought down to the low amplitudes, the 
low field losses were greatly increased and the corresponding d<>/dt 
waveforms were dominated by single peaks per half cycle of waveform.
Male suggested that these effects were associated with magnetic flux 
trapped by the sample during the peak field excursion. Buchhold 60 
has similarly.found9for cylindrical niobium-zirconium samples, greatly 
increased A.C. losses at low field amplitudes when the field was taken 
to higher amplitudes and then reduced to the low amplitudes.
It can be inferred from the above observations of Male and of 
Buchhold that if the initial peak current excursion was involved in 
causing the single peaks, then, after cooling a specimen in the 
earth’s magnetic field, single peaks would still be expected if no 
initial peak current excursion had taken place, with these peaks being 
much larger after a subsequent peak current excursion. Figure 6.2(a) 
shows compensated waveforms for specimen NEW/T/abraded (see subsection
2.7.2), taken at progressively increasing current amplitudes without any 
initial peak current excursion (the specimens having been cooled in the 
earth's magnetic field). Single peaks were still dominant at low 
current amplitudes. The current was then taken above the maximum 
attainable, * 325 A RMS in the specimen strips, reduced to zero and 
then, without either the compensation settings or the gain or band­
width of the detecting electronics being altered, compensated wave­
forms were again recorded at progressively increasing current 
amplitudes (see figure 6.2(b)). By comparing figures 6.2(a) and 6.2(b),
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Figure 6.2 Compensated waveforms of the voltages induced in pick-up coil B 
for specimen NEW/T/abraded; frequency = 120 Hz. Width of speci­
men = 2.61 ± 0.03 mm, average spacer thickness = 0.126 mm, 
bandwidth of detecting electronics = 1 Hz ■* 5 KHz. The waveforms 
are labelled by the values of the RMS current in the specimen 
strips.
(a) Without any initial peak current excursion.
(b) Having taken the current above the maximum attainable.
no great difference can be seen in either the shapes or the magnitudes 
of the waveforms.
These results indicate that the initial peak current excursion 
was not involved in causing the single peaks.
6.2.3. The earth’s magnetic field
The experiments reported in the previous chapter were performed 
in the presence of the earth's magnetic field after having cooled the 
specimens in the earth's magnetic field (henceforth referred to as fE*).
In the vicinity of the specimens 'E' was of flux density 0.018 mT 
and made an angle of ^ 10° with the direction perpendicular to the 
surfaces of the specimens. Stray D.C. fields were found to be negli­
gible. The measurements of Rocher and Septfonds 51 and of Male 82 
indicate the possibility of *E’ being involved in causing the single 
peaks. Rocher and Septfonds 61 investigated the effect on the A.C. 
losses of cylindrical niobium samples9 subject to alternating 
magnetic fields parallel to their axes of magnitude < H of cooling the 
samples in very small D.C. fields normal to the samples! axes. They found 
•that the losses of a sample increased with increasing cooling field«, the 
increase of the losses being associated with flux trapped by the 
sample during the cooling period. Male 82 found in his A.C. loss 
measurements on split-cylinder cold rolled niobium foil sampless 
subject to alternating magnetic fields parallel to their axes, that for 
field amplitudes < the losses of a sample increased when a transverse 
static field was applied to the sample. He also found that the 
d$/dt waveforms (where d$/dt is the time rate of change of flux 
penetrating the surface of the sample) contained single peaks per 
half cycle of waveform, whose magnitudes increased with increasing
transverse field.
Experiments were devised to see if 7 E7 was involved in causing 
the single peaks. Compensated waveforms were obtained for a strip 
pair which had been (a) in the presence of ’E7 during both the cooling 
period and the taking of measurements, (b) in the presence of a 
D.C. magnetic field (of much greater magnitude than the magnitude of 
’E 7, applied normal to the surfaces of the strip pair) during the 
cooling period, and (c) in the presence of this normal D.C. field 
during the taking of measurements. It can be inferred from the above 
observations of Rocher and Septfonds and of Male that the single peaks 
should be much larger for both or either of the latter two cases.
The strip pair used was specimen NEV7/T/abraded (see subsection
2.7.2). Compensated waveforms obtained with the specimen in the 
presence of 7E7 during both the cooling period and the taking of 
measurements have been presented in the previous section and are shown 
in figure 6.2(a). D.C. magnetic fields, normal to the surfaces of the 
specimen, were produced by the pair of Helmholtz coils used in the 
determination of the spacer thickness (see section 2.4). Highly 
stable D.C. current was supplied to the coils by a Coutant LA 100-2 power 
supply and the current was measured by a Solartron Digital Universal 
Meter Type A 1613. After cooling the specimen in a D.C. magnetic 
field of flux density 0.51 mT, normal to the surfaces of the specimen, 
the D.C. current supply was disconnected and compensated waveforms 
were recorded at progressively increasing current amplitudes without 
any initial peak current excursion. Figure 6.3(a) shows these 
waveforms. By comparing figures 6.2(a) and 6.3(a), no great difference 
can be seen at the higher current amplitudes in the shapes of the 
waveforms. Therefore the cooling field did not increase the magnitudes
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Figure 6.3 Compensated waveforms of the voltages induced in pick-up coil B 
for specimen NEW/T/abraded; frequency = 120 Hz. Width of speci­
men = 2.61 ± 0.03 mm, average spacer thickness = 0.122 mm, 
bandwidth of detecting electronics = 1 Hz ->• 5 KHz. The waveforms 
are labelled by the values of the RMS current in the specimen 
strips.
(a) After cooling in a D.C. magnetic field of flux density
0.51 mT, normal to the surfaces of the specimen.
(b) In the presence of a D.C. magnetic field of flux density
0.51 mT, normal to the surfaces of the specimen.
of the single peaks. After obtaining the waveforms shown in figure 
6.3(a), the current was reduced to zero and a D.C. magnetic field of 
flux density 0.51 mT was applied in a direction normal to the surfaces 
of the specimen. Without either the compensation settings or the 
gain or bandwidth of the detecting electronics being altered, compen­
sated waveforms were again recorded at progressively increasing current 
amplitudes in the presence of the D.C. field. Figure 6.3(b) shows 
these waveforms. By comparing figures 6.3(a) and 6.3(b) no great 
difference can be seen in either the shapes* or the magnitudes of the 
waveforms.
These results indicate that the earth’s magnetic field was not 
involved in causing the single peaks.
6.3. The effects of scratching electropolished surfaces
Waveforms were obtained for a strip pair formed from the specimen 
strips forming specimen NEW/electr but with the electropolished inner 
surfaces scratched. The method of scratching the surfaces has been descri­
bed in subsection 2.7.2 - the resulting strip pair having been referred 
to as specimen NEW/electr/scr in that subsection. A profile trace 
of one of the scratches is shown in figure 3.3 and an optical micro­
graph of one of the scratched surfaces is shown in figure 3.8.
Figures 6.4 and 6.5 show the compensated and uncompensated waveforms 
for this specimen at a frequency of the current in the strips of 120 Hz.
The bandwidth of the detecting electronics was 1 Hz 5 KHz and 
1 Hz -*■ 10 KHz for the compensated and uncompensated waveforms respecti­
vely. The waveforms are labelled by the values of the surface field 
amplitude, Hq9 which have been corrected to account for edge effects 
(see section 4.4). The values of d<{>/dt, the time rate of change of
(a)
i'iii::-r,;niiiiiiimiitii!ii;ii>i.||j! i;iu 
-l^ KrA ■ I >11 = -J
11.73 x 10 A m -rr?nTf 
11.23
10.21- l,:l 
9.19
' ' i ulLi iiliiMi! lili III M „ ,
»lt I I  i1r*11
I
1.11 x lo
IHjMj
i l l !  1
■jii irIlHlii
(b)
nil
: 12.76 
• : 12.24 
11.73
1.11 X 10dt
Figure 6.4 (a) and (b) Compensated waveforms of the voltages induced in
pick-up coil B for specimen NEW/electr/scr; frequency = 120 Hz. 
Width of specimen = 2.52 ± 0.02 mm, average spacer thickness 
= 0.127 mm. The waveforms are labelled by the values of the 
surface field amplitude, Hq.
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Figure 6.5 Waveforms of the voltages induced in pick-up coil B for specimen 
NEW/electr/scr; frequency = 120 Hz. Width of specimen = 2.52 ± 
0.02 mm, average spacer thickness = 0.127 mm. The waveforms are 
labelled by the values of the surface field amplitude, Hq.
(a) Compensated; (b) uncompensated.
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flux penetrating in from the inner surfaces of the strips, far from
the edges of the strips, have been calculated using the method
described in section 2.1. Figures 6.4 and 6.5 show that for the
compensated waveforms, single peaks per half cycle of waveform were
dominant for values of Hq up to ^ H ^ this specimen = Hc^ for
specimen NEW/electr = 11.14 * lO^Am"1 - see subsection 5.1.1), while
double peaks per half cycle of waveform were dominant at higher
values of H .o
The compensated waveforms for specimen NEW/electr at 120 Hz 
have been presented in subsection 5,1,1 and are shown in figures 5.5 
and 5.5(a). By comparing figures 5.5 and 5.6(a) with figures 6.4 and 
6.5(a), it can be seen that for the higher values of H q the shapes 
and magnitudes of the compensated waveforms are very similar; figure 
6.6 shows that for any high value of HQ the magnitude of the second 
peak for- specimen NEW/electr is almost identical with the magnitude of 
the second peak of specimen NEW/electr/scr. This indicates that 
scratching the surfaces did not significantly change the flux pene­
tration for the higher values. However, by comparing figures 
5.5(a) and 6.4(a), it can be seen that for any low value of H0 the 
magnitude of the single peak is much greater for specimen NEW/electr/ 
scr than for specimen NEW/electr. This can be seen clearly in 
figure 6.7 where the magnitude of the single peak is plotted against 
Hq for these two specimens. The implication of these increases, in the 
magnitudes of the single peaks will be given in the next section.
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Figure 6.6 The magnitude of the second peak per half cycle of waveform
plotted against the surface field amplitude, H , for specimen 
NEW/electr(o) and specimen NEW/electr/scr(x).
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Figure 6.7 The magnitude of the single peak per half cycle of waveform
plotted against the surface field amplitude, H^, for specimen 
NEW/electr(o) and specimen NEW/electr/scr(x)•
6.4. The effect on the compensated waveforms of protrusive peaks 
in the inner surfaces of the strip pairs
It was shown in the previous section that scratching the electro­
polished surfaces of specimen NEW/electr increased the magnitudes of 
the single peaks per half cycle of waveform. It can be tentatively 
concluded that these increases are as a result of the fairly sharp 
peaks9 protruding above the rest of the surface, produced by the 
scratching (see figure 3.3), and that for the specimens listed in
table 5.19 at any low value of H 5 the magnitude of the single peak
o
per half cycle of waveform will be related to the number of fairly 
sharp peaks in a unit width of inner surface * protruding above the 
rest of the surface. This hypothesis will now be discussed.
Figure 6.8 shows the magnitude of the single peak per half cycle
of waveform plotted against for specimens NEW/rougher, NEW/smoother
and NEW/electr. Figure 6.8 also shows the magnitude of the minimum
between the double peak per half cycle of waveform plotted against H 0
for specimen NEW/abraded. It can be seen from the figure that for any
low value of H the magnitude of the single peak increases with the 
o
depth of surface roughness. However, this can only be a coincidence 
since figure 6.8 shows that for any low value of Hq the magnitude of 
the minimum between the double peak for specimen NEW/abraded is smaller 
than the magnitude of the single peak for specimen NEW/rougher.
The profiles of the inner surfaces of the specimens (figure 3.1) 
show that specimen NEW/rougher had the greatest number of fairly 
sharp peaks in a unit width of surface, protruding above the rest of 
the surface, specimen NEW/smoother had fewer and specimen NEW/electr 
hardly any. Therefore from these surface profiles and figure 6.8 it 
can be concluded that the hypothesis stated at the beginning of this
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Figure 6.8 The magnitude of the single peak per half cycle of waveform, T 
plotted against the surface fieJLd amplitude, Hq, for specimens 
NEW/rougher, NEW/smoother and NEW/electr, and the magnitude of 
the minimum between the double peak per half cycle of waveform 
U, plotted against Hq for specimen NEW/abraded. x^ is the 
average depth of surface roughness (see table 3.1).
section could indeed be true.
In section 3.1, the proportion of a line at a depth x in the 
region of surface roughness occupied by superconductor (x = 0 at the 
highest peak in the surface) was expressed as A(n) where n = x/x^
(xm is the depth of surface roughness), and the experimental curves 
of A(n) were approximately described by simple analytic functions.
To describe fairly sharp peaks in the region of small n by a function
A(n) = hm m has to be large. With m large, a few d<j>/dt wave forms
were computed as described in the previous chapter for various values 
of the parameters in the flux penetration equation expressed in 
reduced co-ordinates, equation (5.9). All the waveforms had double 
peaks per half cycle of waveform with minima between the peaks which 
did not necessarily go to zero. An example is shown in figure 6.9(a), 
with the corresponding b-n profiles being shown in figure 6.9(b). 
Although only a few values of the parameters in equation (5.9) were 
tried, it seems that the Melville theory 1 cannot predict for such 
fairly sharp peaks in a surface single peaks per half cycle of wave­
form at low values of H .
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Figure 6.9 (a) The computed d<f>/dt waveform for a surface field
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in equation (5.9) having the values 5, 1, 0.001, 2.26, 0.14 T, 
0.4 T and 0.2 T respectively, x^ is the depth of surface 
roughness.
(b) The flux distributions within the superconductor for the 
computed d<f>/dt waveform in (a).
CHAPTER 7
SURVEY AND CONCLUDING REMARKS
The experimental results presented in this thesis are reviewed 
in this final chapter.
7.1. Edge effects
Before the flux penetration in from the inner surfaces of pairs 
of current-carrying superconducting niobium strips could be investi­
gated, the influence of the edges on this penetration had to be 
examined. The investigation carried out has been reported in 
Chapter 4.
A model of edge effects in a pair of current-carrying type II 
superconducting strips was introduced. The model was used to predict 
how much the waveform of a voltage induced in a pick-up coil might 
have been expected to depend on the distance of the coil away from 
the edges of the pair of strips. It was found experimentally that a 
small coil which was very close to the edges of a pair of super­
conducting niobium strips recorded waveforms different from those 
recorded when the coil was remote from the edges. It was concluded 
that this difference in the waveforms was as a result of edge effects 
in the pair of strips, with the waveforms recorded by the coil when 
it was very close to the edges containing information about edge 
effects.
If this method of examining edge effects were to be used to 
make a quantitative test of the model of edge effects described in 
Chapter then it would be necessary to devise a method of adjusting 
at liquid helium temperatures the position of the coil relative to
the strip pair so that the coil’s axis would always be in the mid- 
plane between the strips, and also a method of determining in situ 
the distance of the coil from the edges of the strip pair.
7*2. Flux penetration far from the edges of the strips
The effect of different conditions of the bulk and inner surfaces 
of pairs of superconducting niobium strips carrying antiparallel current 
at either 30 Hz or 120 Hz, on the flux penetration in from the inner 
surfaces of the strips , far from the edges of the strips, has been 
reported in Chapter 5. Compensated waveforms, corresponding to the 
time rate of change of this flux, of the voltages induced in a nearby 
pick-up coil were obtained. The corresponding A.C. losses were 
estimated from some of these waveforms.
For all the pairs of specimen strips used, there was no significant 
difference in the behaviour of the flux penetration at the two 
frequencies. It was therefore concluded that there were no frequency 
dependent effects in the specimen strips in going from 30 Hz to 120 Hz 
and that the superconducting niobium went through quasi-static states 
at 30 Hz and 120 Hz.
The results were used to make a quantitative test of a theory, 
proposed by Melville which attributes low level A.C. loss in type 
II superconductors to surface roughness combined with flux pinning by 
defects within the peaks of the surface, and of an extension of the 
calculations based on this theory dealing with flux penetration into 
the region below the surface roughness. It was found that the theory 
gave a reasonable semi-quantitative account of the main features 
of flux penetration particularly for abraded surfaces. However, the 
theory did not predict the single peaks per half cycle of compensated
waveform that were observed experimentally at low values of HQ, the 
surface field amplitude.
Electropolishing the surfaces of as-received cold rolled niobium 
strips reduced the losses in the strips. Also, electropolishing alte­
red the relationship between the critical current density and the flux 
density in the material; this was attributed to the uncharacteristic 
structure of a thin surface layer in the as-received material, which was 
observed by transmission electron microscopy. Abrading the surfaces of 
as-received cold rolled niobium strips increased the losses in the
strips for values of H < H (taken as 11.14 x lO^Am"1), but did not
o  c l
greatly alter the losses in the strips for values of HQ between H ^ 
and 15.19 x 10^Am"1 (the maximum attainable for the abraded strips).
The losses for strips with electropolished surfaces annealed at 1000°C 
in an imperfect vacuum (^ 10”5 torn) were very large, mainly due to 
the lowering of Hc^ as a result of the presence of impurity, particu­
larly oxygen, in the material. There was evidence of grain boundaries 
contributing to the pinning force in cold rolled niobium strips, the 
pinning force being smaller for cold rolled niobium strips with larger 
grains. It would be desirable to perform more experiments to see if 
the pinning force in cold rolled niobium is indeed dependent on grain 
size.
The investigation carried out to ascertain the reason for the 
appearance of the single peaks per half cycle of compensated waveform 
has been reported in Chapter 6. It was found that non-uniformity of 
the spacer thickness would not have resulted in the appearance of the 
single peaks, and that neither the compensation procedure, nor the 
peak current excursions, nor the earth’s magnetic field was involved 
in causing the single peaks. However, scratching the electropolished
inner surfaces of a pair of strips increased the magnitudes of the
single peaks. It was tentatively concluded that these increases were
as a result of the fairly sharp peaks, protruding above the rest of
the surface, produced by the scratching, and that for the strip pairs
with unscratched inner surfaces, at any low value of Hq, the magnitude
of the single peak per half cycle of waveform would be related to the
number of fairly sharp peaks in a unit width of inner surface,
protruding above the rest of the surface. By correlating the profiles
of the inner surfaces of some of the strip pairs with the respective
magnitudes of the single peaks, this was indeed found to be true. It
was felt that the Melville theory 1 could not predict for such fairly
sharp peaks in a surface single peaks per half cycle of waveform at
low values of H .o
Clearly more experimental work is needed before the single peaks
can be satisfactorily accounted for. If fairly sharp peaks in a surface,
protruding above the rest of the surface, are involved, as indicated 
by the results, then it would be desirable to devise a method for 
investigating the interaction between the magnetic field and such 
peaks. It would be interesting to extend the experiments to other 
strip type II superconductors to investigate the generality of the 
effects observed.
APPENDIX 1
THE ELECTRONIC COMPENSATOR
At a very low amplitude of the current in the specimen strips, 
the waveform of the voltage induced in either pick-up coil A or B could 
not be completely compensated electromagnetically. Therefore it was 
necessary to use an electronic compensator to compensate the remaining 
signal. The compensator was designed and constructed by Mr. E. Worpe 
of the Physics Department of the University of Surrey. A block diagram 
of the compensator is shown in figure A.1.1. By mixing the partially 
compensated pick-up coil signal with an equal amplitude but opposite 
phase reference signal (derived from the output of the power amplifier) 
complete cancellation should occur of the two signals. *
The design of the phase shifter followed the conventional 
practice of using a variable R-C circuit, but as in this application 
any distortion introduced by the phase shifter would have been 
unacceptable, careful design techniques were considered, such as 
maintaining a constant across the base-emitter junctions of the 
phase shifter driver and detector transistors. This is the main form 
of distortion, and arises from the non-linear relationship between
and 1^. The second relationship capable of introducing distortion 
is the non-linearity in the transfer characteristic between I and 1^. 
Both these causes of distortion can be minimised by maintaining very 
small signal amplitudes but to the detriment of the signal to noise 
relationship. In the circuit finally used all the transistors in 
the phase splitter, phase shifter and detector were fed by constant 
current sources and the transistors in the phase shifter and detector 
stages operated in common collector (emitter follower) configuration 
thus maintaining constant parameter operation for h^ and V^. The
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Figure Al.l Block diagram of the electronic compensator.
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total harmonic distortion introduced by the phase shifter was found 
to be less than 0.02%. The reference signal was fed into the phase 
shifter circuit and then fed directly into a resistive summing 
junction where it was mixed with the partially compensated pick-up 
coil signal. The resultant null signal was fed into a second order 
active low pass filter, the cut-off frequency of which could be varied 
between 550 Hz and 5 KHz, and then fed into a variable gain amplifier.
Both signal and reference channels were conditioned by amplifier 
stages, the signal being conditioned by a switched gain operational 
amplifier in a 0-10-30 dB sequence. The reference signal was conditioned 
by a (- 34 dB, - 40 dB) attenuator before being amplified by an 
operational amplifier with a high resolution gain control. Operational 
amplifiers were chosen for their convenience as with the considerable 
negative feedback available any introduction of noise and distortion 
could be avoided without calling upon the considerable design expertise 
needed for low distortion, discrete component amplifiers.
J.OJ. -
APPENDIX 2
CALCULATION OF THE SPACER THICKNESS
Consider a pick-up coil, coil F, at a point F (Xp9 yp) near a
strip pair9 as shown in figure A.2.1. 2a is the spacer thickness and
2c is the width of the strip pair. Let a current9 I^ = IQlcos m^t,
flow in opposite directions through the strips as shown in figure
A.2.1. Let I , be small, so that the current can be assumed to be ol
flowing only on the inner surfaces of the strips (neglecting edge 
effects). The current is assumed to be distributed uniformly over the 
inner surfaces9 so that the surface current density9 J 9 is given by 
2c = 1 ^  Assuming that the strips are of infinite length, inte­
gration of the Biot-Savart law gives as the contribution to the 
magnetic field in the x direction at F, Hj, due to the surface 
current, 2c 3 flowing in strip 1:
and gives as the contribution to H^ due to surface current9 2c 
flowing in strip 2:
Therefore: H, = -• • L
where
(A.2.1)
Current. I.= I .cos w.t, 7 1 ol 1
in strip 1 out of paper.
O
Current, I^= Iq ^cos m-^ t, 
in strip 2 into paper.
Strip 1
----o
Strip 2
2c
Figure A2.1 Geometry of the cross-section of a pair of strips and
direction of current flow in the strips used in the calcul­
ation of the spacer thickness.
The RMS voltages VR1, induced in coil F is given by:
where K is a constant and I-,, is the RMS current in the strips.
Kx
Now consider pick-up coil F at the midpoint of a pair of 
Helmholtz coils, the coils being separated by a distance r (the radius 
of each coil). Each coil consists of N turns. Let a current9 
I2 = Iq2co s « t, flow in the Helmholtz pair. Integration of the 
Biot-Savart law gives as the magnetic fields H , at the midpoint of 
the Helmholtz pair:
H = ------
/Es.r
induced in coil F is given by
Vr2 " & 5 . r
K.8Nw„I 
2 .R2 (A.2.3)
where Ino is the RMS current in the Helmholtz coils. 
i\2
When V.
1617.2c.N  ^ IR2 (A .2.*+)
Equations (A.2.1) and (A.2.*+) give:
2.2ca(Xp2-2cXp-yp2+a2)
Xp2(Xp-2c)2+2xp(Xp-2c)(yF2+a2 )+(yp2-a2 )2+(2c)2(yF2-a2 )
Thus from equation (A.2.5) a value for the spacer thickness3 2a9 
can he determined if the other quantities involved in the equation 
are known.
The values of 2a determined for all the strip pairs used in 
the experiments reported in this thesis have errors of less than 
± 3% if only the experimental errors of the quantities in equation 
(A.2.5) are taken into account. The assumptions used in deriving 
equation (A.2.5)9 for example no edge effects, would not be expected 
to increase the errors in the values of 2a by too much.
APPENDIX 3 
/  — -------
SURFACE CURRENT DISTRIBUTION IN THE SMALL CURRENT LIMIT
Using a standard method of conformal transformation 9 the fields 
and currents around a pair of superconducting strips are worked out 
in this appendix in the limiting lossless case of vanishing current.
In calculating the field around the edges on one side9 the 
minor approximation is made of neglecting the effect of the edges on 
the other side; also9 it is convenient to consider one of.the pair 
of strips and a central infinite sheet (see figure A.3.1) regarded 
as being in the z-plane. Firstly a Schwarz-Christoffel transformation
, (t-t.)5(t-t2 )2
§ £ = C  ----------------------------------------------------(A.3.1)
transforms the central sheet (x-axis) and strip on to the real axis 
of an intermediate t-plane with the correspondence of points to Ag 
as shown in figures A.3.1 and A.3.2. Equation (A.3.1) integrates to:
~ =  (t-tx )2(t-t£)2 + J (t1+t2)sinh~1
2(t-t^)2(t”t )2 -
T.
■(tjt )5cosh"’1
( v v l
' V  J
2t,t.-t(t
^ \ — 1+ A (A.3.2)
• 2
The terms in equation (A.3.2) are multi-valued9 and in order that 
the points A 9 and A^ in the t-plane should be passed on the upper 
half of the t-plane and correct mapping achieved „ the values of the 
individual terms of equation (A.3.2) should be chosen in the ranges 
shown in figure A.3.3.
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Figure A3.1 Geometry of the edges of a pair of strips.
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Figure A3.2 The points in figure A3.1 in the t-plane.
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Figure A3.3 The ranges in which the values of the individual terms of 
equation (A3.2) should be chosen.
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Figure A3.4 The points in figure A3.1 in the w-plane.
Relating t^  and t to the dimensions a and b shown in figure 
A.3.1 and for convenience setting C = —  one gets:
IT
tj = b - (b2~a2)2 and t^ = b + (b2-a2 )2
so that equation (A.3.2) becomes:
[*- t(b2~a2 )2 -• (A.3.3)
A firther transformation:
u + iv = w = B log t
is now made to the w-plane which transforms the original sheet y = 0 
into v = ttB and the strip into v = 0 (see figure A.3.4). New v can be 
identified with the magnitude of the magnetic vector potential Az
from which the magnetic field of induction9 b_ = y0 h 5 can be derived 
by curl A = b_9 that is:
This identification can be made because since curl h = 0 in the current-
free space outside the superconductors9 then A obeys Laplace’s
z
equation 9 as does v s and moreover the boundary condition for full 
superconductivity with no flux penetration is that A should take
a
constant (and different) values over the surfaces of the sheet and 
the stripy figure A.3.M- shows that v does this also. The magnitude
y 3x
of the field anywhere is:
dw
dz
| (t2-2bt+a2 )2 |
ttB
and in particular on the superconductor surfaces the surface current 
density J is given by:
11 J = vt„ h .---- =------ — ----t—  (A.
0 0 tan8 |(t2-2bt+a2)i|
where t is real (see figure A.3.2).
Provided that the strip is reasonably wide9 by putting
current density well inside the region between the strips9 and JQ is 
approximately (total current)/(strip width). Prom equations (A.3.3) 
and (A.3.4) it can be seen that as well as a current flowing on the 
inner surface, a current of small density flows between A3 and A^ 
and on the outer surface, with the surface current density being 
infinite at the corners.
t = 0 in equation (A.3.4) one gets B = — -— where JQ is the surface0 o
APPENDIX 4
DEPENDENCE OF WAVEFORM ON PICK-UP COIL POSITION
The model described in outline in section 4.1 is used in this 
appendix to form some idea of how much the waveform of a voltage 
induced in a pick-up coil might be ejected to depend on the distance 
of the coil away from the edges of the pair of current-carrying type 
II superconducting strips. In that model the geometry, which is 
shown in figure A.4.1, is simplified by neglecting the outer surfaces 
of the strips, the remote edges and the currents flowing thereon. 
Therefore what happens near a single corner AFD of a superconductor and 
a superconducting plane EODf a distance a away from the face FD is 
merely considered.
Suppose that the current passed through the strips is of such
magnitude that the peak magnetic field, Hq, well inside the gap between
the strips is < H 1 and suppose that the bulk critical current
Hcl
density, jcp, in the corner region is > q " 3 1143a  s^ee section 4.1).
This means that there is only local flux penetration restricted to the 
corner regions. In the model, field changes in a time interval dt 
of a cycle of alternation of the current are attributed to the reversal 
of the critical current flowing between contours such as BC (figure 
A.4.1) characterised by parameters a and a + da. Reversal from + to - 
is associated with a change of surface current density well within 
the gap of - 2Af(a)da. If the variation J = J cos cot is imposed on 
the surface current density well within the gap, then in a time 
interval dt:
C ,D(w = 0) 
00 7
C(w = 1)
E(w =
* '  i—
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Figure A4.1 Geometry of the edges of a pair of strips and current 
reversal profiles in the neighbourhood of a comer.
y f
Figure A4.2 Successive model current reversal profiles near a corner 
during a half cycle.
which gives:
, (dJ s incut
= __2_____ (A 4 i)
dt 2Af(a) k ;
The magnitude dh of the corresponding field change at any pointA
(x^, 0) in the mid-plane (x^ < 0 along OE where the pick-up coil would 
be situated) is given according to equations (4.3) and(4.4) of section 
4.1 by:
dh - ~2Af(a)dot(/«+!)
X (/a-w+yi-w)
so that, by combining with equation (A.4.1), the voltage in a pick-up 
coil at (Xp,0) would be proportional to:
-dh (/a+l)wJ sinwt
X 01 (A.4.2)
(/a-w+A-w)
where from equation (4.1) of section 4.1, for w < 0:
/ot jcoth"1 / I  - * ] + coth^/f-w - /l-wj*2ax =
^ ir(/a+l)  ^ U
(A.4.3)
For simplicity, the passage of current of just such a magnitude 
that, as a half cycle proceeds, current reversal from positive to 
negative bulk critical current takes place at surfaces characterised 
successively by values of a from 1 to a value »  1, is first considered. 
Then expressions for the waveform given by equation (A.4.2) at the 
beginning and end of a half cycle are considered.
(i) At and immediately after t = 0, a - 1 and to a good approximation 
equations (A.4.2) and (A.4.3) are:
-dh. wJ sinwt
x - 00 - (A.4.4)
d t  /JL-W
and x = —  (coth“Vl-w - /i-w) (A.4.5)
p TT
-7TX
Calling X = - 9 0 = /l-w9 and considering points P well outside the
gap between the strips for which x^ is negative and X and 0 conside­
rably greater than unity, an approximate expansion of equation (A.4.5) 
is:
X = 0(1 - —  - —  ...)
e2 30 ^
This may alternatively be expressed as:
0 = X(1 + - —  ...)
X2 3X4
and substitution of this into equation (A.4.4) yields:
-dh 2au)J siniut x _ ______«____
dt " 7TX
P
l - i + 5
X2 3Xr
(A.4.6)
(ii) Just before the end of a half cycle at t = ir/rn equations (A.4.2) 
and (A.4.3) are applicable with the simplifying assumption a » 1
/a+1 ^ p  A _ X  w
“75 2a" 9 a"9Proceeding as in (i) and calling Y = - 
expansions for the factors occurring in equations (A.4.2) and (A.4.3) 
may be derived:
(A.4.7)
Here it has been assumed that a »  1 and w «  0.
Expressing equation (A.4.8) as an expansion of <{> in terms of 
Y and substituting first into equation (A.4.7) and then into equation 
(A.4.2) yields:
dh 2awJ sinwt x _ _ °°_____
dt " TTX
P
2 22 1  —- + —
Y2 3Y4
(A.4.9)
Equations (A.4.6) and (A.4.9) show that when H0 < H ^ -die 
distortion due to edge effects of the waveform of the voltage induced 
in a pick-up coil at a point P(x^30) will become more noticeable as 
the magnitude of x is decreased i.e. the closer the pick-up coil is to
i t  /2 2a
the edges of the pair of strips. Also, the condition |x^ | »  — -—  
has to be satisfied for the waveform to contain no information about 
edge effects.
By an extension of the foregoing model * it is conceivable that 
when H q > and flux penetrates to a furthest distance yQ over the 
whole width of each strip (see figure A.4.2)s the pattern of current 
flow which screens the remoter parts of the strips from flux may be 
built up from (a) the currents flowing at Hc^a i.e. as bulk currents 
in the corner region characterised by parameters a and a-values 
ranging from 1 to aQ, and associated surface currents elsewhere9 
(b) the superposition of infinitesimal current sheets flowing every­
where as bulk current and characterised b}' parameters aQ and y to y + dy 
(instead of a) from y = a to y = yQ. Accordingly equation (A.4.6) would 
still describe the waveform of the signal at the beginning of a half 
cycle9 but at the end of a half cycle equation (A.4.9) would be
replaced by:
dh 2y^wJ sinwt x _ _ JQ to_____
dt TTX
P
2 22 1 -  ~  +  —  
I y2 3y*f
(A.
TTX
where Y = - 7—2- (for the extreme example of = 03).
%  0
Equations (A.4.6) and (A.4.10) show that when HQ > H ^ the
distortion due to edge effects of the waveform of the voltage induced
in a pick-up coil at a point P(x^s0) will become more noticeable as
the magnitude of x is decreased i.e. the closer the coil is to the 
P /2 .2yo
edges of the pair of strips. Also9 the condition |x^ | »  —   has
to be satisfied for the waveform to contain no information about edge
effects.
APPENDIX 5
THE CORRECTION FACTOR FOR THE MAGNETIC FIELD WELL INSIDE THE GAP
BETWEEN THE STRIPS
As a result of edge effects in a pair of current-carrying strips,
current is not only distributed across and in from the inner faces of
the strips. Therefore the peak magnetic field9 Hq9 well inside the
gap between the strips is related to the peak current, I , in the
I
strips not by H^ = ~  9 where 2c is the width of the strip pair, but by:
I
H (1 + 6) = (A.5.1)0 -tC
An analytical derivation of the factor 6 is given in this appendix 
for H^ < Hcl, when the current flows entirely superficially except 
for the corner regions.
The geometry is shown in figure A.5.1 and the method of conformal 
transformation that was used in Appendix 3 is applicable. That method 
gives the currents and fields for an infinite plane an<^  a s6ioi~
infinite strip or plate A2A3AifA59 and is a good approximation in the 
present instance for all points'on a finite strip along PAgA^Q except 
in the vicinity of Q itself, where the current density is anyway small.
A transformation is first made from the z(= x + iy) plane to 
the t(= £ + in) plane governed by equation (A,3.3) of Appendix 3:
ttz = (t2 - 2bt + a2 )2 + b sinh” 1 T -— —  -a— '1 2
L b2-a2
2c
Figure A5.1 Geometry of the cross-section of a pair of strips used in the 
calculation of the correction factor for the magnetic field 
well inside the gap between the strips.
This transforms the plane and strip into the axis n = 09 and is 
followed by a second transformation from the t-plane to the w(= u + iv) 
plane governed by:
yftH a
w = ---2— i0g t (A.5.3)
This transforms the original plane A^A2 into v = ^g^oa aT1(^
A A„A. A c into v = Os also v satisfies Laplace’s equation and is 2 3 ^ 5
therefore identified with the only non-zero z component of the magnetic 
vector potential.
It is an application of a general result 83 that the total 
surface current flowing between points such as P and Q (see figure 
A.5.1) along PA^^Q is given by:
JPQ = ^  (UQ - V  (A.5.*0
where Up and Uq are the real parts of w at P and Q. If P and Q are
the points (c + ia) and (c + ib) then = J I 3 where I is the peak
o 0
current carried by the whole strip.
Since the whole of the semi-infinite strip is finally trans­
formed into v = 0, w is real over this ranges and then equations 
(A.5.3) and (A.5.4) give:
H a rtQ
= I I = — —  log 
PQ 2 o 7T %
(A.5.5)
Provided c »  a9 good approximate forms of equation (A.5.2) are:
]-a log A  + a log I-— — — r + i
J a Uh2-a2 j
ttz ~ -a-b log
k b 2-a2)5 -1 l-(b ):
(A.5.6)
-  1 7 3
for points like P where 0 < t «  b - (b2 - a2)2 and:
TTZ - (t-b)-b log [* • — r l + a log I — — y- 7 + iirb 
L <b2-a2)2 -1 U (b2-a2)2 J
(A.5.7)
for points like Q where t »  b + (b2 - a2)2.
Equation (A.5.7) may alternatively be expressed9 to a good 
approximation, as:
t — TTX + b  ^1 + logjl  — — — r l }
* ** (b2-a2)2
(A.5.8)
Equation (A.5.6) may be expressed as:
n - TTX b ilog t =* log a  1 - —  loga a [ - f V r lL (b2-a2)‘J *(b2-a2)2
(A.5.9)
Putting x = c in equations (A.5.8) and (A.5.9) and substitution in 
equation (A.5.5) determines the relation between HQ and IQ, which when 
arranged in the form of equation (A.5.1) yields:
6 = JL
TTC
f ire . b H. . t 2irc 
logs + -  1 + log — — : * 
l a a L (b?-a2)2 }
. n . b n (a+b)+ 1 + -  log — — ~ x
(b2-a )2
- log 2a
(b2~a2 )2
(A.5.10)
APPENDIX 6
THE EFFECT ON THE COMPENSATED WAVEFORMS OF A NON-UNIFORM SPACER
THICKNESS
In this appendix an account is given of the theoretical investi­
gation carried out 71 to ascertain the effect on the compensated
waveforms of a non-uniform spacer thickness.
It is supposed that the non-uniformity of the spacer thickness 
is such that the strips are symmetrical with respect to a central 
planer figure A.6.1 shows the strips in cross-section9 a(= a(x)) is 
the gap half-width and 2c is the width of the pair of strips. It is 
supposed that magnetic fields are < H ^ and that flux penetration and 
hysteresis is determined by surface roughness. Following Melville 19 
the surface roughness is characterised by the fraction A of a line 
locally parallel with the surface lying within superconducting material 
and it is supposed that at a depth p from the highest peak in the surface3
constant. If pm is' the maximum depth of flux penetration for a surface 
magnetic field Hm in amplitude9 it is assumed that:
1
1
w
where p is the depth of surface roughness and w is a
(A.6.1)
and that the amplitude of the surface flux per unit length of strip
Of x
k- 2c
Figure A6.1 Geometry of the c r o s s-s ec ti on of a pa ir of strips u s ed 
in the in ve stigation of the effe ct on the compensated 
waveforms of a n o n - u n i f o r m  spac er thickness.
H
Figure A6.2 A  hysteresis loop.
where is a constant.
It is supposed that the shape of the hysteresis loop (see
figure A.6.2) is described for magnetic fields decreasing from H
to - H by: m
m
'H' $ (A.6.3)
m
and that the gap half-width varies according to:
a = 3q[1 + h(x)3 (A.6.4)
where h(x) = 0 at x = 0,
A sinusoidal current is passed through the strips, so that, 
neglecting edge effects:
I.
2c
Hdx = I cos a>t (A.6.5)
o m
where H is H(x,t).
Constancy of flux at any instant means that:
<i> = UQHa + F
' nv
f-^1
v iyk
$ (A.6.6)m
where $ is <})(t) only, and independent of x.
At t =• 0
m—i—i— wA—qy
Call H = H where H is H (x). Suppose that: m m m  L *■
H = H (1 + g )
m m0 m
(A.6.7)
where g^ is g^x) and gm(0) = 0.
Equations (A.6.6), (A.6.2), (A.6.4) and (A.6.7) give:
]i a p  H ^+w
# f? /t. w, , . > , 0 1-r m0 / 1 , % 1+w
- ^0 n ^ O  + + h) + ------- ~---- (1 + S j
H w -mcl
4>m is independent of x, so:
0 = 8b + h + 8j* + e[(l + ">8* + + ••••] (A.6.8)
e = a.
rPP*
.a . 
v 0"
H
mo
Hcl
w
(A.6.9)
In what follows e will be assumed sufficiently small that terms in e2 
may be neglected; however h will not be considered sufficiently small 
that terms in h2 may be neglected.
At a subsequent t
Suppose that: H = **^ (1 + S)
where g = g(x,t) and g(09t) = 03 so that:
(A.6.10)
H (1+g) H 
fl------ = -2- (1 + j) , say
Hm Hm0(1+3m) Hm0
where
1 + j = or where g = gm + j(l + gm>
m
(A.6.11)
(A.6.12)
Equations (A.6.6)s (A.6.2), (A.6.4), (A.6.7), (A.6.10) and (A.6.11) give:
* = U0Hoao(l+g)(l+h)+
H,
m0/
+ HSL JF.
H nm0
rH.
IHm
■H,
Hm0'
2 a 2 rHo i
HmO^
+• • • •
1+w
x V l pr “ V "  f  + (1 + W)S»> + ^n2 +H n cl
(A.6.13)"
j will turn out to be of order e* so neglect the j2 term. <f> is 
independent of x, so (neglecting the higher order terms in equation 
(A.6.13):
g + h + gh + F
H0 Hm0 , . f wgm]
e Hq (1 + w)Sm[1 + 2 jHmCr
• H f e )
+(l+w)gm 1 + = 0
This becomes using equation (A.6.12):
^  + fa + + j(l + g ^ U  + h) + p j j M  e ~  (i + w)gm
r W] 
1+
+ jF’t y  e [X +(1 + " ^ t 1 + -T2)] =
(a.6.14)
Equation (A.6.8) shows that gm + h + g^h is of order e; hence 
equation (A.6.14) shows that j is of order e 3 and in using equation 
(A.6.14) to give an expression for j it is therefore permissible to 
neglect terms like je3 that is j(gm + h + g^h). Therefore equationm 
(A.6.14) gives? using equation (A.6.8):
j = e(l + w)g'In
f- wg”i r rHoir  + — 1L r1 - F K o > md]o l
Since this is a small terms it is sufficient to approximate equation 
(A.6.8) by:
g =cm
- h 
1+h so that:
rlL % H
1+h
e(l+w)h [ \  w*1 1 r, r> f 0 1 rodlL1" ^istJL1 - f[h^J Hp (A.6.15)
f2cEquation (A.6 .5) is: m^cos wt = J H ^ d  + g) dx and by equation
(A.6 .12) this is
r 2c
Imcos wt = I H [1 + Sjjj + j(l + (A.6.16)
m J0
The first approximation to finding as a function of time from this 
is to neglect terms of order e 3 whereupon equation (A.6.16) is3 using 
equation (A.6.8)3:
f2c r  .
Imcos wt = H 1 - = H^c(l - h2) (A.6.17)
■'0 "
where _
r2c ,  j, _ * ; h dxh 1 r c >2c 1 +0
Ho
and to this approximation 75—  = cos wt (A.6.18)
m0
where ^
H „ = r r r r v  (A.6.19)■mo 2c(l-h2)
The next approximation to Hq from equation (A.6.16) is (using equation 
(A.6.8) fon gm):
f2c r h f
Imcos wt = H Q j |l - ^+h “ 1+h (1 + w)^m 1 + T j
+ j(l + &m)Jdx (A.6 .20)
Using the approximate form for from equation (A.6 .8 ) (neglecting 
the e terms) equation (A.6 .20) becomes:
Imoos <ot = H0 |l - t [i - 2U+h)] + rfe}dx
- JLOO -
and using equations (A.6.15) and (A.6.18)3 one obtains:
t  .l. _  tt f2c h . e(l+w)h r, wh 7 U  •> . F(coswt)71j..I COS Wt = H. d  - -r-T- +   II - o7T ".'-LY |1 “ 1 +   '"’TST"! ldXm 0 JQ { 1+n (1+h)2 L 2(Hh)JL coswt jj
= H .2efl - h- + e h F('-G"S^t)1  (A.6.21)0 L  2 3 coswt J
where ~ .
, _ (1+w) f2c h r wh 1,
3 " 2C Jo (1 * ) 2  L1 ' 2(l+h)Jdx
d6
The uncompensated waveform is proportional to 9 where $ is given
by equation (A.6.6). Let § be evaluated at x = 03 i.e. where a = aQ9 
= HmQ9 H = Hq9 and using equations (A.6.2) and (A.6.9) one obtains:
_ d $ _  _ _ ^ o _  , i dHo
d(wt) “ ^OaO d(wt) + ^Oai^r w (h^
cl
dH r*
Hm0 d(a)t)
= V o  dftrtT L1 + e F '(OOS “*11 (A.6 .22)
where the approximations equation (A.6.18)3 in the e order term has 
been used.
Equation (A.6.21) is:
I coswt
H. = "
° 2c(l-h )l u v ■ A"V F(C'°-s-^ - l
2 L (l-hp) coswt J
J Z O _ -  O S 1 ^ 1  H  , eh3 F(cosut )1
d(wt) “ \2c(l-h2) L coswt J
I coswt eh m+ 2c
£ 3 [f 1(coswt)sinwt F(coswt)sinwtjl
‘ (1-hJ2 I  ooslot ' cos2wt 3/
jl + £^3 F(coswt)] 2
12 ) coswt J
X sinwt r eh m fx + 3
2c(l-h2) { d-h2 )
H  £h3 F( coswt fl 2
L (l-h^) coswt J
and keeping only the term in e and not in e2 atc.3 this reduces to:
dH* -I sinwt 0 m
d(wt) 2c(.l-h2)
eh3
1 - Yi~“h~~) (Qoswt)j (A.
Therefore equation (A.6.22) becomes^ using equation (A.6.23):
inI sinwt r- eh -ip
A t ~  L1 " 7l=CT F'(cosut)_ j  + eF*(co8»t)J
-j!.a* , d<ft 0 n ^  1
d(wt) “ 2c(1-.. , ^ „---2
and again neglecting the term in e this reduces to:
I r e(l-h ~hjm f 1 e u - h 2~n3; n
V o  2c sin '<rt la T T  + ' . -,2: • F!(oos ut)jtotT =• - *0“O 5" L t r v  1 ‘ “ w i
(A,
where
, 1 f2c hdx „ . „ (1+w) f2° 1 r  • wh 1 ,
h2 - 2 c j 0 1+h anu 3 2c j0 (1+h)2 L 2(l+h)'J
If the strips are perfectly parallel-, h = 0 for all x and equation 
(A.6.24) is:
d* m .
j/ ":*\* = - u*a s m  wt d(wt) 0 o 2c 1 + eF’(cos wt)| (A.
6.23)
6.2M-)
6.25)
In obtaining the compensated waveforms the intention is that 
the first term on the right hand side of equation (A.6.25) should be 
compensated out by an adjustment at low fields when e ->• 0.- and then 
the second term is responsible for the compensated waveforms and contains 
information about the hysteresis loop. In equation (A.6.24)9 due to 
lack of parallelism9 the background term to be compensated out involves
-.-T- instead of 1 and will not be noticed3 and the second term, respon- 
1“n2
sible for the compensated waveforms3 is affected only in magnitude. 
Therefore a lack of parallelism would only affect the magnitudes of 
the two peaks per half cycle of compensated waveform, expected on 
the Melville model 13 and would not cause a third peak to appear.
-  -
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